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Phonological and Articulatory Characteristics of
Spoken Language*

Carol A. Fowlert

1. INTRODUCTION

Speaking may be our most impressive motor
skill. We speak rapidly, and production of each
word involves intricate sequencing and temw- oral
interleaving of gestures for the cor nt,
ordered consonants and vowels of the 1. The
problem of understanding speech ;1 .ction at
this level is that of understanding how speakers
accomplish the feat of fluent consonant and vowel
production. Solving that problem involves solving
another one, however. It is to understand what
speaking is essentially. That is, it is to understand
how a series of complicated actions of a vocal tract
can serve to convey a message composed of
rulefully-patterned symbols to members of a
language community. In fact, the kind of solution
an investigator seeks to the problem of
understanding how vocal-tract actions are
executed depends on how the investigator looks at
the relation between vocal-tract action and the
linguistic message itself.

Phonology is traditionally seen as the discipline
that concerns itself with the building blocks of
linguistic messages. It is the study of the
structure of sound inventories of languages and of
the participation of sounds in rules or processes.
Phonetics, in contrast, concerns speech sounds as
produced and perceived. Two extreme positions on
the relationship between phonological messages
and phonetic realizations are represented in the
literature. One holds that the primary home for
linguistic symbols, including phonological ones, is
the human mind, itself housed in the human
brain. The second holds that their primary home
is the human vocal tract.

Consider the first position and the conceptual-
ization of speech production to which it leads. For
at least two reasons, the vocal tract is rejected as
a natural home for phonological segments of the
language. A philesaphical reason is that phonemes

are not the kinds of things that can occur or exist
outside the mind. They are ideas or concepts with-
out real-world actualization. Articulatory gestures
or their acoustic consequences can serve as cues to
phonological segments, but they cannot be phono-
logical segments.

“[Segments] are abstractions. They are the end result

of complex perceptual and cognitive processes in the
listener’s brain” (Repp 1981, 1462)

“Phonological representation is concermned with
speakers’ implicit knowledge, that is with
information in the mind...[Phonetic] represen-
tation...is not cognitive because it concerns events in
the world rather than events in the mind."
(Pierrebumbert, in press)

A practical reason why phonological segments
cannot occur in the vocal tract is that linguistic
symbols have other properties, aside from being
covert kinds of things, that preclude the vocal
tract from representing them veridically or even
analogically. In particular, a central and impor-
tant fact about language is that its messages are
composed of discrete symbols. Phonological seg-
ments are discrete in the sense that they do not
overlap and blend. Moreover, until recently, they
have been represented in linguistic theories as if
they were composed of lists of coextensive (and by
implication, cotemporal) features (cf. Chomsky &
Halle, 1968). The features themselves described
static postures of the vocal tract or their acoustic
consequences; accordingly, the feature lists of a
word described a succession of vocal-tract or
acoustic snapshots. The vocal-tract actions that
somehow convey a message to a listener have
none of those properties. Actions associable with a
given consonant or vowel do overlap and do ap-
pear to blend with actions of neighbors. Actions
identifiable with the component features of a con-
sonant or vowel are not cotemporal. Finally, fun-
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damental units of articulation appear to be ac-
tions, not postures; accordingly, time is intrinsic to
speech, rather than extrinsic as it is to the
linguistic message. One interpretation of these
mismatches is that they reflect the mismatch
between the ideal of linguistic competence and the
degraded physical reality of linguistic vocal perfor-
mance; the latter necessarily is a considerable dis-
tortion of the former due to the limitations of me-
chanico-inertial systems. This way of looking at
speech production promotes development of a kind
of theory of the *how” of speech production that
have been termed translation theories (Fowler,
Rubin, & Remez et al., 1980). The mismatch
between the character of the planned message,
presumably a sequence of linguistic symbols, and
of its physical, phonetic, realization requires a
translation over stages of processing out of the
ideal, mental, domain of the plan into the real,
physical-nonmental, domain of a vocal tract.

The other extreme perspective on the nature of
speaking is that consonants and vowels are ac-
tions of the vocal tract that have linguistic, includ-
ing phonological, significance in a language com-
munity. They are, certainly, psychological actions
that require knowledge about them to be per-
formed. However, the knowledge is not a superior
“ijdeal” that the actions cannot implement; rather,
the knowledge is about the actions, derived from
perceptual and articulatory experience with them.
From this perspective, the mismatch between lin-
guistic segments and articulation described above
is apparent rather than real. It is the product of
three kinds of error: 1. a mistaken ascription of
primacy to linguistic knowledge (competence) over
linguistic activity (performance); 2. an incorrect
characterization of phonological segments in lin-
guistic theory; 3. an incorrect characterization of
the vocal tract actions of speech production. As to
the first “error,” the argument is that we treat
language differently from other human creations
when we decide that its components exist only in
the mind. Other human creations include, for ex-
ample, automobiles, baseball games and musical
pieces. Automobiles definitely exist in the world
and so do baseball games and musical pieces when
they are played. What is in the mind of those who
know about automobiles, baseball and a musical
piece, is only what they know about those things;
it is not the things themselves. If linguistic con-
cepts are like these other concepts, they are
knowledge about real-world objects or events; the
events have a psychological nature--in this case,
they are actions of the vocal tract, identified as
phonological segments. If the phonology in the

mind of a language user is what a the user knows
about the actions that implement a linguistic mes-
sage, then there need be no mismatch between
knowledge and action. If a phonological theory as-
cribes properties to phonological segments as
known that are impossible to realize in vocal-tract
action, then the first hypothesis should be that the
theory is wrong, not that vocal-tract action dis-
torts components of linguistic competence. If de-
scriptions of vocal-tract actions include properties,
such as coarticulatory blending, that would distort
the phonological message, then the first hypothe-
sis should be that the descriptions are wrong.
From this perspective, an important aim is to
work on development of a phonology that does not
ascribe properties to phonological segments that
are unproduceable as vocal-tract action (cf.
Browman & Goldstein, 1986; Browman &
Goldstein, 1989). A second aim is to find a per-
spective on vocal-tract action from which macro-
scopic order is evident that conforms to the phono-
logical structure of spoken utterances (e.g.,
Fowler, Rubin, & Remez, et al., 1980; Fowler, in
press; Saltzman, 1986; Saltzman & Munhall,
1989).

This theoretical perspective promotes a theory
of speech production different from a translation
theory as outlined earlier. Speech production does
not involve a translation out of an ideal, mental
domain into a physical, nonmental, domain.
Rather, the plan for a sequence of phonological
segments, physically instantiated in the brain,
replicates itself in a new physical medium, the
moving vocal tract. A speech plan, in some way,
brings about vocal-tract actions having linguistic
significance.

In the remainder of this chapter, I pursue the
different outlooks on a central aspect of speech
production, coarticulation, that these different
theoretical perspectives promote. 1 then consider
the implications of our understandire of
coarticulation for understanding another . .tral
aspect of speech production: the coordinated
actions of the vocal tract that constitute token
phonological segments.

2. TWO PERSPECTIVES ON
COARTICULATION

All sources of evidence regarding speech
production, whether they are acoustic or
articulatory, provide the same general picture of
context-sensitivity in speech production. An
acoustic signal displayed spectrographically or as
a waveform, for example, can be divided into
phonological-segment sized regions (e.g., Klatt
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1973) by identifying acoustic properties that are
more strongly associated with one particular
segment of an utterance than with others. For
example a stop burst can be assigned to a stopin a
stop-vowel utterance, and the following voiced
formants can be assigned to the vowel. Even so,
however, the display has not thereby been
partitioned into phonological segments or even
into their acoustic consequences. This is 8o, in
part, because there may be no obvious place to
locate a boundary separating the acoustic
consequences of one phoneme from those of
another. For example, the voiceless formant
transitions following a voiceless stop consonant in
a consonant-vowel sequence belong with the stop,
because they are voiceless, but they also belong
with the vowel, because formants are
characteristic of vowels and other sonorants (see,
e.g., Peterson & Lehiste, 1960). Indeed, generally,
there are no boundaries between segments so that
a partition leaves all and only the acoustic
information for one segment on one side of the
boundary and all and only that for another
segment on the other side (c¢f. Fant & Lindblom,
1961). Moreover, the overlap is not only in a
potential boundary region. Spectral analysis of the
signal well within a domain associated with a
particular phonetic segment—well within the
frication region for a fricative or within the
steady-state formants, if any, of a vowel, for
example—is likely to reveal influences of context.
(I will use the term “domain” to refer to the
temporal region in which the features of a
segment dominate in articulation or in the
acoustic signal. The domain does not include the
whole articulatory extent of a segment or the
whole region in which it influences the acoustic
signal, but only the region in which it is dominant;
see also Lofqvist, 1990.)

Examination of the articulatory behaviors that
give rise to acoustic speech signals reveals a
compatible picture. Articulatory movements can
be found that are identif.able with one of the
phonetic segments in an utterance—movement
toward bilabial closure in a bV sequence, for
example. In addition, boundaries can be located
around that movement. In the example, a
boundary may be located where closing is first
detectable and another at the point of release of
the closure. Once again, however, the boundaries
are not boundaries between phonological
segments or their articulatory consequences so
that all and only movements associated with /b/
occur within the boundaries and movements
associated with other segments fall outside the

boundaries. During the closing and closure
gestures, the tongue body will be conforming itself
to the requirements of the following vowel (e.g.,
Ohman 1966), and once again, the movements
within the boundaries are context-sensitive. For
example, the jaw moves to a higher point of
maximum closing for b/ followed by a high than a
low vowel (Keating, Lindblom, and Lubker, cited
in Keating, 1985).

Sources of context sensitivity are bidirectional.
Effects of earlier segments in the string extending
beyond their domains of prominence are termed
“left-to-right,” “perseverative” or “carryover” ef-
fects. Effects of later segments are called “right-to-
left” or “anticipatory.” Estimates of the coarticula-
tory field—that is, the interval of time or the
number of segmental domains affected by a seg-
ment in either direction—vary considerably, but
may be quite large. For example, Magen (1989)
reports anticipatory effects of V3 on V;CaCV3 se-
quences in English. While some part of the carry-
over influences can been ascribed to inertial prop-
erties of the vocal tract and to its inability instan-
taneously to adopt a characteristic posture for one
phonological segment without exhibiting transi-
tional movements between the postures, anticipa-
tory coarticulation cannot have that explanation,
and carryover effects are sometimes more exten-
sive than can be realistically ascribed to these me-
chanical factors (Daniloff & Hammarberg, 1973).
These considerations have suggested to many in-
vestigators that coarticulation is planned.
Generally accounts of coarticulation diverge along
the theoretical lines distinguished in the intro-
duction.

2.1 Coarticulation as assimilation by
feature spreading

In a translation theory, coarticulation serves an
important function of, indeed, translating a
planned symbol string into a form more
compatible with the capabilities of vocal-tract
action. (The role of phonetic rules generally,
according to Keating (1988a), is to make the
linguistic representation “more physical.”)

One example of a theory in which coarticulation
serves that function is that of Daniloff and
Hammarberg (1973). Daniloff and Hammarberg
described the phonological segments that serve as
“input” in a plan to speak as “canonical forms™—
that is, “invariant, ideal, uncoarticulated forms”™—
the phonological types of a linguistic theory. These
forms undergo “articulatory encoding” to tailor
them to the vocal tract. The encoding processes
include application of context-sensitive rules of
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feature spreading. An example they provide of
such a rule is one that s.reads a rounding feature
from a vowel to a preceding /J/: | —> /% / __ [+round,
+V]. By this rule, the /J/ in “shoe,” for example, ac-
quires the feature [+round] from its context, a fol-
lowing rounded vowel. Generally (following Henke
1966), rules cause a feature to spread in an antici-
patory direction to any phonetic segment that is
“unspecified” for that feature. Feature values in
phonological theory generally are binary, and a
segment may be “specified” for a feature by having
either a “4+” or a “." value of that feature.
(Accordingly, a rounded vowel is (+round] while
an unrounded vowel is [-round).) To count as an
instance of a segment specified for some feature
value, a token occurrence of the segment must
have the appropriate feature value; changing the
value may change one segment into another and
hence, in a sequence of phonemes, may change one
word into another. These feature values thereby
serve a “contrastive” function in the language. At
least hypothetically, the contrastive feature values
cannot be changed by a feature-spreading coartic-
ulatory rule. However, some features are irrele-
vant to the identification of some segments. For
example, in English, rounding is not contrastive
for consonants; accordingly, making a consonant
rounded does not change it from one consonant of
English to another. Consonants are said to be “un-
specified” for rounding, ana they are subject to
coarticulatory rules of feature spreading.

Evidence compatible with the feature- spreading
theory includes findings (or, perhaps,
interpretations of findings; see 2.2) that lip
rounding anticipates a rounded vowel across any
number of preceding consonants (e.g., Daniloff &
Moll, 1968); (Benguerel & Cowan, 1974) and that
nasality anticipates a nasal consonant across any
number of vowels uninterrupted by oral
consonants (Moll & Daniloff, 1971).

The simple characterization of coarticulation
fails in several ways. One is that the coarticula-
tory field very often does not respect boundaries
drawn between segments. That is, the hypothesis
of feature spreading as the sole source of coarticu-
lation predicts that the spread feature should be
uniformly present throughout the production of
the segment—at least to the same extent that
other features of the segment are present, but that
is generally not the case (e.g., Benguerel &
Cowan, 1974; Krakow, 1989). Second, the
magnitude of effects of ostensibly spread features
is gradient rather than categorical. For example,
Manuel and Krakow (1984) found that a following
(front, high) vowel /e/, raises and fronts following

(low, back) vowel /a/, but (front, high) /i/ raises it
even more. Likewise, Marchal (1988) reported
graded effects of one stop consonant on another in
/kt/ sequences that suggested varying degrees of
coarticulatory overlap between them. A third
problem is that coarticulatory influences may af-
fect realizations of specified features. In Marchal's
findings, just cited, coarticulatory influences occur
between stops specified for different places of ar-
ticulation. A final problem relates to the idee of
underspecification. The problem here is that seg-
ments considered to be unspecified for a feature
involving some articulator—say, rounding and the
lips (in English, consonants) or nasality and the
velum (in English. vowels)—are not wholly
neutral with respect to the demands they make on
the articulator. Some consonants are associated
with rounding movements of the lips (for example,
M/, /r/ and /s8/ and /J/ (Bell-Berti & Harris, 1982;
Delattre & Freeman, 1968; Leidner, 1973).
Compatibly, vowels, ostensibly unspecified for
nasality are associated with characteristic pos-
tures of the velum (Bell-Berti, 1980; Moll, 1962).
Despite their not being wholly unspecified in
terms of articulatory control, they are subject to
coarticulatory influences from specified neighbors
and they coarticulate with neighbors. For exam-
ple, the different velum heights associated with
vowels of different heights both influence velum
height for neighboring consonants and they are
recipients of coarticulatory influences from nasal
consonants (Bell-Berti, 1980). Accordingly, in con-
trast to the feature-spreading account of coarticu-
lation, coarticulatory influences occur in the ab-
sence of any linguistic features to spread.
Recently, Keating (1988 a,b) has proposed an
alternative account of specification and its role in
coarticulation that preserves the idea of
coarticulation as a participant in a translation
from the mental to the physical domain of talking.
She proposes that coarticulation includes
processes at two levels at least, one phonological
and one phonetic. At the phonological level,
coarticulation is assimilatory feature spreading.
Since Keating’s focus has been on phonetic
coarticulation, she simply alludes to this type of
coarticulation without providing an example.
However, a possible example is provided by
Daniloff and Hammarberg (1973). They point out
that in the word “width,” there is, apparently, a
spreading of the interdental place of articulation
of /¢/ to /d/ (which, by the way, is specified for a
different place of articulation; however, in this
ca« the feature change does not yield a different
pn.1eme of English). As for phonetic
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coarticulation, Keating proposes a “targets and
connections” model. In the model, phonetic
segments are associated with characteristic
targets, and segments are sequenced by
interpolating beiween successive targets. A novel
aspect of Keating’s idea of targets, however (but
see Manuel 1987, for a similar idca), is that the
targets are regions (“windows”), rather than fixed
postures. Windows differ in their widths, and a
tarzet's instantiation within its window will
depend on its neighbors in that the speaker will
generally select the most efficient path from
segment to segment that passes through each
target region. The idea of target windows replaces
the iden of underspecification as *categorial* with
a gradient version. A segment with the narrowest
possible window for some feature is “specified” for
that feature value; one with the widest possible
window for a feature is unspecified. However,
most segments have intermediate target window
sizes for their component features. Vowels have
wider windows for velum height thar do nasal and
oral consorants, but the window is nct as wide as
possible. Accordingly, a vowel's window region
does affect the articulatory path througa the
target window of neighboring segments.

This model handles the data of coarticulation
considerably better than does the feature
spreading model of Daniloff and Hammarberg
(1973); yet it preserves the idea of coarticulation
as among the processes that make the planned
utterance “more physical.” The targets and
connections model is not obviously consistent with
all of the data, however. In particular, ~ne finding
that the model does not seem to handle well is the
ubiquity of coarticulatory fields that extend
beyond immediate neighbors. The targets and
connections idea explains how contiguous
segments can be produced smoothly, but it does
not readily predict strong coarticulatory
influences of a segment C on A in an ABC
sequence. Two other problems emerge below. They
are that some coarticulation is difficult to
characterize as anything other than overlap (for
example, findings by Marchal 1988, cited above).
A second is that a segment's “aggressiveness”
(here, having a narrow window) in its own domain
appears always to be associated with a compatible
degree of aggressiveness outside of its domain,
frequently beyond any transitional region between
target regions.

22 Coproduction theories

A “coproduction” theory (Fowler, 1977) explains
coarticulation as the overlapping production of—to

a first approximation—invariant sequences of
consonants and vowels. The context sensitivity
apparent in the acoustic signal and in articulation
is not “deep” context sensitivity in the sense that
consonants or vowels have undergone assimilatory
change (as in a feature spreading theory). Rather
it is a more peripheral blending of consonants and
vowels that are unchanged with respect to their
essential, specified, properties.

Ohman’s (1966; 1967) theory provides a seminal
example of such a theory (but see also, however,
(Kozhevnikov & Chistovich, 1965). In a spectro-
graphic analysis of V;CV, disyllables, Ohman
noticed many instances in which the clusing
transitions into the consonant depended not only
on Vi, but also on V,. Likewise, transitions
following consonant release depended on both
vowels. X ray tracings (see also Ohman 1967)
showed clear evidence that the tongue body
conformation during C closure was different in the
context of different flanking vowels. Ohman (1966,
166) suggested that the stop gestures were
“superimposed” on a diphthongal vowel-to-vowel
gesture of the tongue body and that the “tongue is
able to make a distorted vowel gesture, while it is
executing the stop consonant.” More speculatively,
he proposed three neuromuscular systems for
controlling the tongue. The systems, though
distinct, would use overlapping muscles. One
system, the apical system, is used to produce
dental, alveolar and retroflex consonants; the
dorsal system produces palatal and velar
consonants, and the tongue body system produces
vowels. During speech production, a consonant
and vowel system may be controlling the tongue in
overlapping time frames and the result is “a
complex summation (neural, muscular and
probably mechanical also) of the responses to each
of the components of the instruction.” (1966, 166)
Ohman’s observations have been replicated many
times. For example, Perkell (1969) noticed that
the /k/ constriction during /hdke/ consisted of a
sliding movement of the tongue dorsum toward
the front location for /e/. Compatible evidence of
vowel-to consonant anticipatory and carryover
coarticulation and sometimes vowel-to-vowel
coarticulation in VCVs is provided by Barry and
Kuenzel (1975), Butcher and Weiher (1976) and
Carney and Moll (1971).

These findings are not captured naturally in a
feature spreading account of coarticulation. The
main reason is that they reveal the dynamic
nature of changing articulatory parameter values
during speech. Consider Perkell's finding just
described. There is no change in a feature value
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for /k/s place of articulation that would yield a
sliding place value. The outcome is exnlained
more naturally as a growing influence of /e/s
articulatory demands during /k/.

Ohman (1967) developed a quantitative model of
vowel-consonant-vowe! coarticulation that did a
satisfactory job of predicting the changing vocal-
tract shapes (as indexed by X-ray tracings) during
VCV production. Notably it includes a parameter
value, k and other parameters labeled q, to
implement consonant and vowel production
respectively over time. To implement the temporal
articulatory domain of a consonant or vowel, the
associated parameter increases over time and
then decreases. That is, to generate coarticulatory
influences of the vowel on the consonant, for
example, the vowel's influence on the vocal tract
gradually waxes and then wanes. Elsewhere, we
have described this waxing and waning of a
segment’s implementation over time as a
“prominence curve” (Fowler & Smith, 1986); see
Lofqvist's (1990) similar idea of “dominance”®).

In light of this evidence favoring coproduction,
let us reconsider the data considered most
supportive of feature spreading theory, evidence
that lip rounding anticipates across consonant
strings unspecified for rounding and that and
velum lowering anticipates across vowe) strings
unspecified for nasality. Difficulties with the idea
of underspecification have already been cited.
More than that, however, work by Bell-Berti and
her colleagues show quite convincingly that the
error of accepting underspecification has led to
considerable overestimation of anticipation of
velum lowering and lip rounding (see also Boyce,
Krakow, Bell-Berti, & Gelfer, 1990).

2.2.1 Anticipatory lowering of the velum for nasal
consonants

Consider the literature on nasalization first.
Researchers typically examined CVpN strings
(where Ns are nasal consonants and the subscript
on the vowel signifies that different numbers of
vowels intervened between C and N). Velar
lowering following C was taken as evidence for
onset of anticipatory nasalization from N (Moll &
Daniloff, 1971). However, Bell-Berti (1980) points
out that vowels are associated with lower velum
heights than are oral consonants; accordingly the
initial drop of the velum will be due at least to the
vowel; it may or may not reflect an influence of N
as well. That can be determined only by
comparing CVpN sequences with corresponding
CVnC sequences. Such a comparison indeed shows
a lowering of the velum at the onset of a vowel

string in CVC utterances that, of course, must be
ascribed to the vowel rather than to coarticulatory
effects of a nasal consonant (Bell-Berti & Krakow,
1991). When effects of the vowel are eliminated
from velum movements in CVyN utterances,
findings are no longer consistent with feature
spreading theories. Rather, they suggest an
invariant onset of velum lowering relative to onset
of nasal murmur in nasal consonant production.
Bell-Berti and Harris (1981) interpret the findings
as favoring a particular version of a coproduction
theory, that they call “frame theory” in which the
temporally-staggered onsets of component
gestures of a phonetic segment are staggered in a
time-invariant way.

The findings by Bell-Berti and her colleagues
also help to explain an otherwise complicating
finding by Bladon and Al-Bamerni (1982). Bladon
and Al-Bamerni had found evidence for two
patterns of anticipatory coarticulation of velum
lowering—a one-step pattern of lowering, timed
consistently with predictions of feature-spreading
theory (that is, beginning at the onset of the first
vowel in a string) and a two step pattern, the first
step beginning at the onset of the first vowel and
the second, as frame theory predicts, an invariant
interval before the oral closing gesture for the
nasa) consonant. Bladon and Al-Bamerni were
unable to find anything systematically different in
the contexts in which each pattern was observed;
therefore, they suggested that selection among the
strategies was unsystematic. An alternative
interpretation, however, is that sometimes the
vocalic velum lowering movement (always
beginning near vowel onset) overlaps completely
with the lowering gesture for the nasal consonant,
whereas at other times, it follows velum lowering
for the vowel. Bell-Berti and Krakow (1991; see
also Boyce et al., 1990) found increasing evidence
of two- or multi-stage velum lowering as vocalic
segments were added before the nasal consonant.
Likewise, of their three talkers, one produced the
target words at a considerably faster rate than the
others and that subject showed a one-stage
lowering pattern for all but the longest vowel
segments. Finally, one talker who produced the
words at two rates showed two- or multi-stage
lowering only at the slower rate.

Overall, the findings on anticipatory velum
lowering—originally considered to provide strong
evidence in favor of a feature spreading theory of
coarticulation, do not; rather, they provide better
support for the view that coarticulation is
coproduction. Notice, too, that Keating's targets
and connections account must at least be modified
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to fit the data. In particular, the model does not
predict that target windows for successive
segments will overlap; however, the data just
described shows convincingly that they do. That
is, this model too must admit the possibility of
coproduction. Coarticulation is not wholly finding
the most efficient pathway from one target
window to another; sometimes windows overlap.
2.2.2 Lip rounding

The literature on lip rounding, like that on
nasalization, has failed to support the feature
spreading account. Generally, it supports frame
theory. As Kent and Minifie (1977) pointed out,
contradictory evidence was available even on one
study commonly cited as supporting feature
spreading, namely that of Benguerel and Cowan
(1974). In their findings more than half the time,
rounding spread not only through a preceding
consonant string, but beyond it into a
preconsonantal unrounded vowel. Bell-Berti and
Harris (1979) obtained similar results for both of
their speakers. The study by Bell-Berti and Harris
(1979) and a later one (1982) showed a generally
invariant relation between onset of EMG
(orbicularis oris muscle of the lips) for a rounded
vowel and measured acoustic onset of the rounded
vowel over a variable number of prevocalic
consonants.

The research by Bell-Berti and Harns tested for
and found lip EMG activity for /I/, one of the
consonants in the strings they used as stimuli. As
noted earlier, other investigators have found
rounding for other consonants. These consonantal
influences on lip configuration are likely to have
contaminated estimates of onset of lip rounding in
the earlier research in the same way that the
vocalic influences on velum height contaminated
estimates of onset of velum lowering for nasal
consonants. These contaminating influences can
only be identified by examining control utterances
that lack the specified segment (that is, VC,V
utterances in which both vowels are unrounded),
and investigators have not done that generally.
However, using appropriate control utterances,
Boyce (1988) has shown that overlapping
consonantal and vocalic lip movements
approximately add so that effects of consonants on
the lips in a utterance such as /kuktluk/ can be
eliminated by subtracting the movement trace
from /kiktlik/ from it. Whereas Boyce did not then
test for the invariance of EMG onset relative to
acoustic onset of the rounded vowel that Bell-Berti
and Harris had reported earlier, she did find a
clear intervocalic trough in lip movement activity
and bimodal peaks of EMG activity in utterances

with two rounded vowels. The pair of findings
suggests that during the consonantal string /ktl/,
rounding from the first vowel wanes while that for
the second vowel increases. Hence there are two
distinct rounding gestures that wax and wane in
the consonantal string—just as Ohman’s account
of vowel-consonant production proposed. There is
not a spreading of a rounding feature from vowel
to consonant. Compatibly, Gelfer, Bell-Berti, and
Harris (1989) super-imposed graphs of lip EMG
activity (orbicularis oris) for utterances such as
/ist#tu/ and /ist#ti/ having varying numbers of
intervocalic consonants and final /uw/ or /i/. By
eliminating the activity common to both
utterances, and hence due to the consonant string,
they were able to identify the onset time of EMG
activity associated with the rounded vowel itself.
Onset times bore a near-invariant relation to
release of the occlusion of the final consonant in
strings of two or more consonants.

2.2.3 Lingual coarticulation

The literature on coarticulation involving the
tongue supports and augments the idea of
coarticulation as gestural overlap. Ohman’s model
suggests that demands on the articulators made
by a segment increase gradually over time and
decrease gradually. The serial ordering of
segments in articulation is maintained not by
preserving discreteness of segment production
along the time axis, but, rather perhaps, by
maintaining a serial ordering of their times of
maximum control in the vocal tract. In addition,
however, segments differ one from the other in the
strengths of demands they place on different
articulators (or on different articulatory systems;
see below under “Coordination” and cf. Keating’s
idea of windows discussed above). The differences
in strength have an observable consequence that
is described differently (e.g., Farnetani, 1990)
depending on where it is observed. If discrete
domains are identified for segments in an
utterance by drawing boundaries at points where
coarticulating segments shift in their relative
dominance in the vocal tract, then one can say
that in their own domain, segments that make
strong demands on an articulator “resist”
coarticulatory influences from neighbors (Bladon
& Al-Bamerni, 1976); in the domains of near
neighbors, they exert a strong coarticulatory
influence. From the perspective of a coproduction
theory, resistance to coarticulation and a strong
coarticulatory influence covary because they are
really the same thing—namely a segment's
exerting a relatively strong influence on
articulators throughout its temporal domain.




Recasens (1984; 1985; 1987; in press) has con-
ducted much of the work that has uncovered vari-
ation in coarticulation resistance in movements
involving the tongue dorsum. In general, resis-
tance to coarticulation of a consonant or vowel is
associated with the amount of tongue dorsum-
palatal contact associated with production of the
segment (see also Farnetani, 1990). Compatibly,
using acoustic and electropalatographic measures,
Recasens (1984; 1987) found a decrease in vowel-
to-vowel coarticulation in VCV sequences in which
C is produced with considerable contact between
the tongue dorsum (an important articulator in
vowel production) and the palate. For example,
there is less V-to-C coarticulation across palatal 5/
than across dental /n/. Compatibly, the vowel /i/,
which requires a constriction in the palatal region
resists consonant-vowel coarticulatory influences
more so than do other vowels (Recasens, 1985),
and it resists vowel-to-vowel coarticulatory over-
lap as well (Recasens, 1987; in press). In addition,
as noted earlier, segments such as /i/ that are re-
sistant to coarticulation in their own coarticula-
tory domains themselves exert strong coarticula-
tory influences on neighbors (see Tables II-VI in
Recasens, 1987; see also Butcher & Weiher, 1976;
Farnetani, Vagges, & Magno-Caldognetto, 1985).

It may be tempting to conclude from this re-
search that production of consonants and vowels
is context sensitive after all in that coarticulatory
anticipation of V2 in a VCV sequence must be de-
layed and reduced if V1 is /i/ as compared to /a/ or
if C is /j/ as compared to /n/. However, possibly,
the planned segment can be invariant, while its
surface manifestations vary according to its
neighbor's patterns of coarticulation resistance.
Consider, by analogy, the different surface conse-
quences of an invariant squeezing action of the
hand depending on whether the hand is empty, or
else holding a sponge or a rock. The outcome at
the surface is different both in the extent to which
the hand (metaphorically, the segment being pro-
duced) closes and in the extent that it deforms the
sponge (a little coarticulation resistance) and the
rock (a lot of resistance). Perhaps by the same to-
ken, an invariant plan for a segment can have
different surface consequences if coarticulation re-
sistance is implemented as a real physical vari-
able in the vocal tract. There is one striking out-
come reported by Recasens (1984) that suggests
exactly that. He reported instances both of antici-
patory and of carryover coarticulation in which
coarticulatory effects were discontinuous. That is,
vowel-to-vowel effects were observed in VCV se-
quences even though, in consonants with consid-

erable tongue dorsum/palatal contact, vowel-to-
consonant coarticulation was absent. It is unlikely
that talkers plan to begin production of V2 in V1,
to stop production of V2 during C, and to recom-
mence its production after C. An analogous plan
for carryover coarticulation is even less likely.

2.3 Some tentative conclusions about
coarticulation

The findings just reviewed suggest the following
summary. Each consonant or vowel of the
language is implemented by one or more vocal-
tract actions. Actions are of two varieties: gestures
(Browman & Goldstein, 1986) that are
linguistically significant (and contrastive) and
other, noncontrastive, ones that may occur
because they are easier to produce than to
suppress. Gestures for a segment may be timed or
phased invariantly one with respect to another as
frame theory proposes. Each vocal tract gesture
has a prominence pattern of increasing then
decreasing articulatory strength, where
prominence refers to the extent to which the
gesture exerts an influence on the character of
movements in the vocal tract. Vocal tract actions
differ one from the other in relative strength so
that, for example, demands of /j/ or /i/ on the
tongue dorsum-palate relation exceed those of /n/
and /a/. The extent to which a segment-specific
action influences what is happening in the vocal
tract at any point in time reflects the strength of
that action and its strength relative to that of
other ongoing actions affecting the same vocal-
tract structures. “Strength” appears to be
implemented in such a way that its effects arise at
the articulatory surface, not in differential
planning for a segment depending on its context.
The account is incomplete in a variety of ways,
lacking detail in important areas, including a
specification of how strength variations are
realized. It is also too simple in some respects. In
particular, patterns of relative timing of gestures
for a segment are not invariant—they may vary
over position in a syllable as Krakow (1989) has
shown for the relative timing of velum lowering
and lip closing actions for syllable-initial and
-final /m/. They are likely to vary over stress and
rate manipulations as well. In short, the state-of-
the art in coarticulation research leaves
investigators still with many problems to tackle.

3. COORDINATION
From the perspective of a coarticulating seg-
ment encroaching on the domain of a second seg-
ment, the second segment applies restrictionr on
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where and to what extent encroachment can occur
(“coarticulation resistance”). Accordingly, coarticu-
lation by the same segment in the same
(anticipatory, carryover) direction will be differ-
entially manifested depending on the nature and
strength of the restrictions applied in its coarticu-
latory field. Looked at from the perspective of the
influenced segment, however, the restrictions are
the segment’s own identity; they are actions or
postures the achievement of which counts as pro-
duction of that segment. Somehow realization of
the segment correspondingly prohibits contradic-
tory actions. Here I examine implementation of
those restrictions in speech production.

The vocal tract includes large numbers of mus-
cles and structures that the muscles move or de-
form. Relative to the catalogue of movements that
could occur were contractions of all possible com-
binations of vocal tract muscles used and contrac-
tions of all possible magnitudes, the movements
that do occur in speech are limited in number and
in kind. They are constrained, of course, to struc-
ture the air so that listeners can hear them. But
more than that, they are low-dimensional move-
ments—movements with order that spans groups
of muscles and groups of vocal-tract structures.
They are, indeed, coordinated actions.

Coordination achieves several things. Most im-
portantly, structures of the vocal tract work to-
gether to achieve some end. For example, in pro-
duction of /b/, the jaw and lips work together to
achieve bilabial closure. The couplings among
structures also preclude actions that violate the
couplings; thereby they prohibit coarticulatory in-
fluences that would prevent the goal of the coordi-
native linkages. They do not completely eliminate
variability or flexibility, however. For example, bi-
labial closure is realized with a variety of contri-
butions by the jaw and lips. When /b/ is coarticu-
lated with an open vowel, the jaw is lower during
closure, and hence the lips do more of the closing
work, than when /b/ coarticulates with /i/.
Research using a perturbation procedure (e.g.,
Abbs & Gracco, 1984); (Kelso, Tuller, Vatikiotis-
Bateson et al., 1984; Shaiman, 1989) helps to
expose couplings across structures of the vocal
tract. In one of these experiments, Kelso, Tuller,
Vatikiotis-Bateson, and Fowler (1984) asked
talkers to produce “It's a ___ again,” with /baelV or
/baez/ serving as target syllable. On a low
proportion of trials, randomly selected, during the
closing gesture for the second /b/ in /baeb/ or for
the /2/ in /baez/, the talker's jaw was unexpectedly
braked, preventing its normal contribution to
closure for the consonantal constriction. On

perturbed relative to unperturbed trials, within
20-30 ms of the perturbation in /baeb/, the
orbicularis oris muscle of the upper lip showed
extra activation and by achievement of closure,
the lip had moved farther down than on
unperturbed trials. If the jaw was braked during
closing for /z/, extra activation was observed in the
genioglossus muscle of the tongue allowing the
tongue to compensate for the unusually low posi-
tion of the jaw. The upper lip did not show the
same extra downward movement on /z/-perturbed
trials that it showed on /b/-perturbed trials. Other
research (Shaiman, 1989) shows that when an ar-
ticulator of the vocal tract is perturbed that is not
involved in a consonantal closing gesture, closing
on perturbed and unperturbed trials is alike. In
short, the responses to perturbation are adaptive
and they reveal a coupling among selective articu-
lators of the vocal tract that jointly achieve some
phonetic gestural end. Coupled structures and
their neuromuscular underpinnings are know as
“synergies” or “coordinative structures.” Whereas
Léfqvist (1990) suggests that there are no dy-
namic perturbations in speech analogous to a jaw
pull, perhaps there are. Coarticulatory encroach-
ments from low vowels can perturb a talker’s jaw,
pulling it down during closure for /b/. Possibly,
then, the couplings serve two functions; they bring
about the coordinated action that constitutes a
linguistic gesture of the vocal tract, and they per-
mit only those coarticulatory encroachments that
will not prevent the gesture from being realized.

The short-latency responses to the perturbations
suggest that the couplings are low- level. That is,
they are not cognitive couplings, but, rather
neuromuscular ones. This may help to rationalize
findings by Recasens summarized earlier of
discontinuities in coarticulatory influences.
Whereas it would be surprising for speakers to
plan for V-to-V coarticulatory influences, yet plan
for no V-to-C influences in a VCV sequence, the
finding of discontinuities in coarticulation is less
surprising if segments are planned to have an
invariant coarticulatory field that then gets
differentially suppressed by other synergies active
in the vocal tract.

Following Browman and Goldstein (1986; 1989),
we may call the vocal tract actions of a synergy a
“phonetic gesture” or, more simply, a “gesture.”
Phonetic gestures are, then, linguistically signifi-
cant actions of the vocal tract. In the research us-
ing the perturbation technique just described, per-
turbations disrupted movements by one articula-
tor among two or more that participated in a pho-
netic gesture. That is, perturbations and compen-
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sations were interarticulatory, but intragestural.
However, some phonetic segments are defined by
more than one gesture, and the timing or phasing
between or among gestures may also be crucial to
the identity of the segment. For example, the
timing of an oral constriction gesture and a glottal
devoicing gesture determines whether a consonant
is preaspirated or aspirated (see, e.g., Lofqvist,
1980); Léfqvist & Yoshioka, 1984). Presumably,
then, intrasegmental gestures must be coupled
and one should see evidence of the coupling in
perturbation experiments. To date, there is little
evidence on the topic.

However, Munhall, Léfqvist, and Kelso (1988)
have perturbed the lower lip during closing from a
vowel to a /p/. The perturbation delayed achieve-
ment of closure, thereby lengthening the vowel.
However, onset of glottal opening for /p/ was also
delayed, giving rise to a perceptually adequate
aspirated /p/. (Even so, there was disruption of the
coordinative relation between the gestures such
that the voice-onset times on perturbed trials were
unusually long.)

Another index, perhaps, of a coupling relation
between the gestures of a segment is provided by
tests for invariant relative timing (as summarized
in Lofqvist 1990). Coupling between gestures of a
segment should give rise to invariance of relative
timing between the gestures so that, as the seg-
ment is produced at various rates or with different
levels of stress, temporal intervals between ges-
ture onsets scale proportionately to changes in
other intervals produced by the coupled actions.
(The idea is that if the gestures are products of a
common synergy, and rate changes are achieved
by changes in a parameter that is common to the
synergy, all temporal intervals produced by the
gestures will scale proportionately.) Lofqvist
(1990) applied a test for proportionality of inter-
vals proposed by Gentner (1987) to several sets of
data including measures of intrasegmental- in-
tergestural intervals and intersegmental- in-
tergestural intervals. Whereas 90% of tests for
proportional changes in intervals over variation in
rate and stress were rejected in tests of the latter
intervals, just 33% were rejected in tests of the
former intervals. Lifqvist does not consider this
particularly strong support for the proportional-
durational test of coupling between gestures of a
segment, because the reason why 67% of tests
failed to reject the hypothesis of proportional du-
rations for intrasegmental-intergestural intervals
was not that intervals were relatively invariant,
but rather because they were extremely noisy (see
his Figures 11-15). Even so, his data do reveal

marked differences in the temporal relations
among gesture belonging to the same and to dif-
ferent phonological segments, with the latter rela-
tions showing systematic departures from the
proportional-duration hypothesis and the former
showing only unsystematic departures.

4. SPEECH DYNAMICS

There is a new development in the study of
speech production that I will describe only briefly.
It is as yet relatively untried; however, it promises
to have a marked influence on research in the
field. Although speech production is remarkable
as a motor activity, it is not wholly unique. Some
common issues arise in investigations of a variety
of intentional motor skills. More fundamentally,
however, some theorists suggest that intentional
actions in general (Kugler & Turvey, 1987);
Kugler, Kelso, & Turvey 1980) and speech
production in particular (Saltzman, 1986;
Saltzman & Kelso 1987; Saltzman et al., 1989;
Kelso & Tuller, 1984) constitute a special instance
of “self-organization” in physical systems.
Accordingly, they may be best understood by
embedding their investigation in the larger
context of the study of self-organizing physical
systems. Complex physical systems that are open
to the flow of energy from the environment,
whether they are living systems or not, develop
macroscopic, low dimensional patterned and
stable activities that can be modeled as attractors
of just a few sorts. Most simply, a physical system
can be modeled as a “point attractor” if, when
perturbed, it tends to return to the same final
target—much as the vocal tract does if it is
perturbed during bilabial closure (e.g., Saltzman
& Kelso, 1987).

Saltzman and colleagues have shown that many
central features of speech production—including
adaptive responses to perturbations and conse-
quences of coarticulatory overlap (see Saltzman &
Munhall, 1989) can be modeled if phonetic ges-
tures are modeled as dynamical systems. On the
other side, Tuller and Kelso (1990) have shown
that speech production exhibits some of the cen-
tral characteristic features of dynamical systems.
Finally, Browman and Goldstein (1986) have de-
veloped an “articulatory phonology” whose primi-
tive units, phonetic gestures, are defined by dy-
namical parameters of the vocal-tract point at-
tractors of Saltzman’s articulatory (“task-dy-
namic”) model. Possibly, embedding the investiga-
tion of speech production in the context of studies
of complex open physical systems generally will
help to deepen our understanding of synergies and




Phonological and Articulatory Characteristics of Spoken Language 11

their achievement of low-dimensional, coordinated
actions. In turn, understanding of these physical
systems may literally add substance to the lin-
guist's concepts of phonological segments and
their features.
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Characteristics of Speech as a Motor Control System*

Vincent L. Gracco

The structural and functional organization of any biophysical system provides potentially
important information on the underlying control structure. For speech, the anatomical and
physiological components of the vocal tract and the apparent functional nature of speech
motor actions suggest a characteristic control structure in which the entire vocal tract can be
viewed as the smallest functional unit. Sounds are coded as different relative vocal tract
configurations generated from neuromuscular specifications of characteristic articulatory
actions. Sensorimotor processes are applied to the entire vocal tract to scale and sequence
changes in vocal tract states. Sensorimotor mechanisms are viewed as a means to predictively
adjust speech motor output in the face of continuously changing peripheral conditions. An
underlying oscillatory process is hypothesized as the basis for sequential speech movement
adjustments in which a centrally-generated rhythm is modulated according to internal (task)

requirements and the constantly changing configurational state of the vocal tract.

Speaking is a complex action involving a
number of levels of organization and repre-
sentative processes. At a cognitive level, speaking
represents the manipulation of abstract symbols
through a synthesis of associative processes ex-
pressed through a sophisticated linguistic struc-
ture. At a neuromotor level, at least seven articu-
latory subsystems can be identified (respiratory,
laryngeal, pharyngeal, lingual, velar, mandibular,
and labial) which interact to produce coordinated
kinematic patterns within a complex and dynamic
biomechanical environment. At an acoustic level,
characteristic patterns result from complex aero-
dynamic manipulations of the vocal tract. The
cognitive, sensorimotor and acoustic processes o.
speech and their interactions are critical compo-
nents to understanding this uniquely human be-
havior. As the interface between the nervous sys-
tem and the acoustic medium for speech produc-
tion/perception, speech motor processes constitute
a direct link between higher level neurophysiolog-
ical processes and the resulting aerody-
namic/acoustic events.

The author thanks E. V..Bateson and C. Fowler for editorial
comments and to Y. Manning-Jones for word processing. The
writing of this paper was supported by NIH grsnts DC-00121
and DC-00594.
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In the following chapter, characteristics of the
speech motor control process will be evaluated
from a functional perspective emphasizing the
structural and functional organization of the vocal
tract and the timing characteristics associated
with their continuous modulation. In contrast to
perspectives which emphasize the large numbers
of muscular/kinematic degrees of freedom, the
current perspective is one that assumes that the
overall vocal tract is the smallest unit of func-
tional behavior. Sounds are encoded according to
characteristic vocal tract shapes specified neuro-
muscularly and modulated through sensorimotor
mechanisms to adapt to the constantly changing
peripheral environment. Examination of the
structural components and their interaction is
consistent with this macroscopic organization as
are a number of empirical observations. The func-
tional organization is implemented by a limited
number of sensorimotor control processes that
scale overall vocal tract actions spatiotemporally
within a frequency-modulated rhythmic organiza-
tion characteristic of more automatic, innate mo-
tor behaviors.

Structural Properties

In order to describe speech from the perspective
of a motor control system, a necessary step is to
identify the components of the motor system to
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determine how their structural properties may
reflect on the overall functional organization. The
structures of the vocal tract include the lungs, lar-
ynx, pharynx, tongue, lips, jaw, and velum.
Anatomically the vocal tract structures display
unique muscular architecture, muscular connec-
tions, and muscular orientation that determine
their potential contributions to the speech produc-
tion process. For example, the orientation of the
muscles of the pharynx, primarily the pharyngeal
constrictors, is such that they generate a sphinc-
teric action on the long axis of the vocal tract pro-
ducing a change in the cross-sectional area and
the tension or compliance of the pharyngeal tis-
sues. The muscles of the velum are oriented pri-
marily to raise and lower the soft palate separat-
ing the oral and nasal cavities. Perioral muscles
are arranged such that various synergistic muscle
actions result in a number of characteristic
movements such as opening and closing of the oral
cavity and protruding and retracting the lips.
Some of the components, such as the tongue and
larynx, can be subdivided into extrinsic and in-
trinsic portions each of which appear to be in-
volved in different functional actions. Intrinsic
tongue muscle fibers are oriented to allow fine
grooving of the longitudinal axis of the tongue and
tongue tip and lateral adjustments characteristic
of liquid and continuant sounds. Extrinsic tongue
muscles are arranged predominantly to allow
shaping of the tongue mass as well as elevation,
depression and retraction of portions of the
tongue. Intrinsic laryngeal muscles are arranged
to open and close the glottis reciprocally and ad-
just the tension of the vibrating vocal folds, while
extrinsic laryngeal muscles are oriented to dis-
place the entire laryngeal complex (thyroid carti-
lage and associated intrinsic muscles and liga-
ments). Generally, movements of the vocal tract
can be classified into two major categories; those
that produce and release constrictions (valving)
and those that modulate the shape or geometry of
the vocal tract. The valving and shaping actions
are generally associated with the production of
consonant and vowels sounds, respectively
(Ohman, 1966; Perkell, 1969).

In addition to the structural arrangement of the
vocal tract muscles for valving and shaping ac-
tions, mechanical properties of individual vocal
tract structures provide insight into the functional
organization of the speech motor control system.
The dynamic nature of the tissue load against
which the different vocal tract muscles contract is
extremely heterogeneous. For some structures
such as the lips and vocal folds, inertial considera-

tions are minimal, while for the jaw and respira-
tory structures inertia is a significant considera-
tion. The tongue and lips are soft tissue structures
that undergo substantial viscoelastic deformation
during speech while the jaw and perhaps the lips
display a degree of anisotropic tension (Lynn &
Yemm, 1971). Even seemingly homogeneous
structures such as the upper and lower lips, dis-
play different stiffness properties (Ho, Azar,
Weinstein, & Bowley, 1982) possibly contributing
to their differential movement patterns (Gracco &
Abbs, 1986; Gracco, 1988; Kelso et al., 1984).
Considering the structural arrangement of the vo-
cal tract, the different muscular orientations and
the vast interconnection of muscles, cartilages,
and ligaments it is clear that complex biomechani-
cal interactions among structures are the rule.
Passive or reactive changes in the vocal tract due
to inherent mechanical coupling is a consequence
of almost any vocal tract action, with the relative
significance varying according to the specific
structural components and conformational change
and the speed at which adjustments occur. As a
result, a single articulatory action may generate
primary as well as secondary effects throughout
the vocal tract. The examination of individual ar-
ticulatory actions are important to determine
their contribution to the sound producing process.
However, individual articulatory actions never
have isolated effects. The combination of the vis-
coelastic properties of the tissues, the different
biomechanical properties of vocal tract structures,
and the complex geometry of the vocal tract com-
prise a complex biomechanical environment. The
kinematic and acoustic variability characteristic
of speech production reflects in part the differen-
tial filtering of neural control signals by the pe-
ripheral biomechanics. Only through detailed bio-
physical models of the vocal tract and considera-
tions of potential biomechanical interaction asso-
ciated with various phonetic environments can the
control principles of the speech motor control sys-
tem be separated from structural or cogni-
tive/linguistic influences.

Functional Organization

In order to characterize the speech motor control
system accurately, and pose the motor control
problem correctly, it is important to determine
how the behavior is being regulated. That is, are
the individual sound-influencing elements being
independently controlled or does the control struc-
ture involve larger units of behavior, and if so,
what is the organizational structure? For speech,
the simple obeervation that even an isolated vowel
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sound requires activity in respiratory muscles,
tension and adduction of the vocal folds adjust-
ments in the compliance of the oropharyngeal
walls, shaping of the tongue, positioning of the
jaw, elevation of the velum, and some lip configu-
ration is rather convincing evidence that speech is
functionally organized at a level reflecting the
overall state of the vocal tract. It is the interaction
of all the neuromuscular components that provide
each speech sound with its distinct character, not
the action of any single component. The often-
cited fact that speech production involves over 70
different muscular degrees of freedom, while per-
haps anatomically factual, is a functional misrep-
resentation of the motor control system organiza-
tion. As early as the birth cry and through the
earliest stages of speech development, the infants
vocalizations involve the cooperative action of res-
piratory, laryngeal, and supralaryngeal muscles to
produce sounds. A similar observation can be
made for locomotion in that rhythmic stepping
and other seemingly functional locomotion-like
behaviors can be elicited well before the infant

Jx

manifests upright walking (Thelen, 1985, 1986). It
appears that functional characteristics of many
human behaviors are present at birth or very
early in the infants development suggesting that
the “significant functional units of action”
(Greene, 1972) may be innate properties of the
nervous system. It is suggested that speech motor
development reflects the ability to make finer and
more varied adjustments of the vocal tract, not the
mastering of the articulatory or muscular degrees
of freedom.

As suggested above, the characteristics of
speech as a motor control system include a control
structure in which the smallest functional unit is
the entire vocal tract. Recent studies have
demonstrated examples of large scale
manipulation of vocal tract actions rather than
the modulation of separate articulatory actions.
As shown in Figure 1, movements of individual
articulators such as the upper lip, lower lip, and
jaw demonstrate timing relations such that
adjustments in one structure are accompanied by
adjustments in all functionally-related structures.

Figure 1. Upper Lip (UL), Lower Lip (LL), and Jaw (J) movement velocities associated with the first “p~ closing in
“sapapple.” As the preceding vowel duration changes, the timing of the UL, LL, and J change in a consistent and
unitary manner (from Gracco, 1988). Calibration bars are 50 mm/sec (vertical) and 100 ms (horizontal).
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The coordinative process reflects a constraint on
articulatory actions involved in the production of a
specific sound. Similar results can be observed for
other more spatially remote, but functionally
related articulators. As shown in Figure 2, move-
ments of the larynx and the lower lip demonstrate
a similar timing dependency for the production of
the “f" in “safety”. In order to generate the frica-
tion noise characteristic of the /f/, the glottal
opening and labial constriction is appropriately
timed. As the timing of one structure changes, the
timing of the other functionally-related articula-
tory action also changes. Similarly, for movements
associated with resonance producing vowel events,
timing constraints can be observed between
laryngeal voicing and jaw opening associated with
tongue positioning for a vowel (Figure 3). Here,
the laryngeal action associated with phonation
and the change in jaw positioning to assist the
tongue in vowel production demonstrate similar
coordinative interdependency. Some preliminary
evidence further suggests that certain physiologi-
cal changes associated with the production of em-
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phatic stress results in an increase in the actions
of all portions of the vocal tract rather than being
focused on one specific articulator (Fowler, Gracco,
& V.-Bateson, 1989). In the presence of a poten-
tially disruptive mechanical disturbance applied
to one of the contributing articulators there is a
tendency for the timing of all articulators to
readjust (Gracco & Abbs, 1988). The timing of in-
dividual articulators is apparently not adjusted
singularly but reflects a system level organization
(see Lofqvist & Yoshioka, 1981; 1984; Tuller,
Kelso, & Harris, 1982; for other examples). It is
not clear how general these observation are with
regard to all speech sounds in all possible
contexts. For example, the lip/jaw and laryn-
geal/supralaryngeal coordination observed in
Figures 1 and 2 is modified when the sound is at
the beginning of a word apparently reflecting a
change in the functional requirements of the task.
The importance of these kinds of observations is
not the specific cbservable pattern but the pres-
ence of characteristic patterns that are used for
time-dependent articulatory adjustments.

| 2 1nm

100 ms

f

Open

Figure 2. Lower Lip closing and glottal opening movements for three repetitions df the word “safety.” As the lower lip
closing movement for “f* varies, the timing of the glottal opening (devoicing) also varies (from Gracco & Lafqvist,
1989). Similar to Figure 1, the timing of the oral and laryngeal actions appear to be adjusted as a unit.
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Figure 3. Timing relations between the glottal closing and the jaw opening associated with the vowel in “sip.” As the
glottal opening/closing associated with the “s” and subsequent vowel varies, the jaw opening (noted by the
downward movement) also varies proportionally (from Gracco & Lofqvist, 1989).

Speech motor patterns reflect characteristic
ways of manipulating the vocal tract, in the pres-
ence of a constant pressure source, to generate
recognizable and language-specific acoustic
signals (Ohala, 1983). The process through which
such functional cooperation occurs has been de-
scribed for many motor tasks in various contexts
with the assumption that the control actions in-
volve the assembly of functional units of the sys-
tem organized into a larger systems known as
synergies or coordinative structures (Bernstein,
1967; Fowler, 1977; Fowler, Rubin, Remez, &
Turvey, 1980; Gelfand, Gurfinkel, Tsetlin, & Shik,
1971, Saltzman, 1979; 1986; Turvey, 1977; Kugler,
Kelso, & Turvey, 1980; 1982). In keeping with the
interactive structural configuration outlined pre-
viously and the apparent functional nature of the
task itself, a modification of this perspective is of-
fered. Speaking appears to involve coordinative
structures (or synonymously motor programs; see
Abbs, Gracco, & Cole, 1984; Gracco, 1987)
available for all characteristic vocal tract actions

associated with the sound inventory of the
language. It is not the case, however, that a
coordinative structure or a motor program is a
process but a set of sensorimotor specifications
identifying the relative contribution of the vocal
tract structures to the overall vocal tract
configuration (see Abbs et al., 1984; Gracco, 1987).
As such, coordinative structures may be more
rigidly-specified than previously thought and the
distinction between a flexible coordinative
structure and a hard-wired motor program
algorithm may be more rhetorical than real (cf.
Kelso, 1986 for discussion of differences). In this
regard, two observations are of note. When the
contribution of jaw movement is eliminated, by
placing a block between the teeth, jaw closing
muscle actions are still present (Folkins &
Zimmermann, 1981). Further, in response to jaw
perturbation, both functionally-specific responses
and non-functional responses are observed such as
upper lip muscle increases when the subjects are
not producing sounds requiring upper lip move-




18 Gracco

ment (Kelgo Tuller, V.-Bateson, & Fowler, 1984;
Shaiman, 1989). Together, these observations
reflect on specific aspects of the speech motor
control process and suggest that speech
production may rely to some degree on fixed
neuromuscular specifications. The presence of jaw
muscle actions when the jaw movement is
eliminated is consistent with the previous
suggestion that speech motor control is a wholistic
process involving the entire vocal tract. The
presence of upper lip muscle increases (albeit
small) when the sound being produced does not
involve the upper lip, reflects on the underlying
control process. The interaction of the phasic
stimulus (from the perturbation) with activated
motoneurons will produce the functionally-specific
compensatory response. If the motoneurons are
inactive, or slightly active, the phasic stimuli
would result in small increases in muscle activa-
tion levels without any significant movement
changes. This is a much simpler control scheme in
that certain interactions and functionally-specific
responses are a consequence of the activation of
specific muscles and the actual synaptic
interactions of various vocal tract structures
(Gracco, 1987). The advantage of this perspective
is that certain properties of speech production
result from the physiological organization and
focus the functional organizatior. of the speech
motor control system on the neural coding of
speech sounds and the characteristic sensorimotor
processes that modulate and sequence vocal tract
configurations.

Neural Coding of Speech Motor Actions

The coding of speech is viewed as the process by
which overall vocal tract states are “represented
and transformed by the nervous system” (see
Perkel & Bullock, 1968). This coding is similar to
what has previously been identified as the selec-
tion of muscular components associated with a
specific motor act (cf. Evarts, Bizzi, Burke,
DeLong, & Thach, 1972. In the following, the
selection of characteristic vocal tract states will be
evaluated with respect to two components of the
hypothetical specification process although the
actual neural coding is viewed as a single process
and is only presented separately for the purpose of
clarity. As stated previously, the actions of the
vocal tract are designed to either valve the air
stream for different consonant sounds or to shape
the geometry of the vocal tract for different vowel
and vowel-like sounds. Considering the place f
articulation for vowels and consonants naturaily
resuits in categorical distinctions which are

apparent acoustically and aerodynamically
(Stevens, 1972). However, rather than
dichotomizing these apparently discrepant
processes, it is suggested that valving and shaping
can be conceptualized as a single physiological
process. That is, speech sounds are coded accord-
ing to overall vocal tract states which include pri-
mary articulatory synergies. When the appropri-
ate muscles are activated, the resulting force vec-
tors create characteristic actions resulting in vocal
tract states which act to valve the pressure or
change the geometry without creating turbulence
producing constrictions. It is the orientation of the
activated muscle fibers, the activation of synergis-
tic and antagonistic muscles, and the fixed bound-
aries of the vocal tract (the immobile maxilla) that
result in the achievement of characteristic shapes
or constriction locations; certain muscular syner-
gies can only result in certain vocal tract configu-
rations. For example, selection of certain upper
and lower lip muscles (orbicularis oris inferior and
superior, depressor anguli oris, mentalis, dep- ~s-
sor labii inferior) will always result in the approx-
imation of the upper and lower lips for “p”, “b”, or
“m”. The magnitude or timing of the individual
muscle actions may vary, but bilabial closure will
always involve the activation of upper and lower
lip muscles; otherwise bilabial closure could not be
attained. Similarly, changing th: focus of neural
activation to regions representing lower lip mus-
cles (orbicularis oris inferior and mentalis with
primary focus in mentalis) results in movements
consistent with labiodental constriction for “” and
“v* achieved against the immobile maxillary in-
isors (Folkins, 1976). Different relative contribu-
tions of extrinsic and intrinsic tongue muscles re-
sult in various shapes and movements on the
tongue tip, blade and body resulting in character-
istic constrictions or shapes 25 a consequence.
Constriction location and constriction degree are
useful categories to describe different speech
sounds because they specify what is distinctive to
each phonetic segment. Control over the vocal
tract configuration through the development of
finer control over the neuromuscular organization
provides a more reasonable description of the
speech acquisition process because the entire vocal
tract is manipulated not just the distinctive at-
tributes for each sound. The neuromotor differ-
ences in consonant and vowel sounds appear to be
reflected in other characteristics of the control
process.

One such characteristic involves the compliant
states of the vocal tract consistent with the level of
tension in the tissue walls. The importance of
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tissue compliance can be inferred from a number
of observations. A major physical difference
between voiced and voiceless consonants is in the
level of air pressure associated with their
production. Voiceless sounds are generally
produced with higher vocal tract pressures than
their voiced counterparts. The pressure difference,
which has significant aerodynamic and acoustic
consequences, results from changes in the tension
in the pharyngeal and oral cavities as well as from
pressure from the lungs (Miiller & Brown, 1980).
For example, subjects engaged in producing
speech while simultaneously engaged in a
valsalva maneuver (forceful closing the glottis
thereby eliminating the lung contribution) were
able to maintain voiced/voiceless intraoral
pressure differences apparently resulting from
changes in the overall compliance of the vocal
tract walls (Brown & McGlone, 1979). Together
with experimental evidence that kinematic and
electromyographic characteristics of lip and jaw
movements are insufficient to differentiate voiced
and voiceless sounds (Lubker & Parris, 1970;
Harris, Lysaught, & Schvey, 1965; Tromkin,
1966), it appears that a major factor in generating
voicing and voicelessness is the -pecification of
overall vocal tract compliance. Two possible
compliant states of the vocal tract are sufficient to
categorize most speech sounds; low compliance
associated with voiceless consonants and high
compliance associated with voiced consonants and
vowels. Compliant states of the vocal tract are
associated with gross changes in the activity of at
least the pharyngeal constrictors as has been
observed (Minifie, Abbs, Tarlow & Kwaterski,
1974; Perlman, Luschei, & DuMond, 1989) and
possibly other portions of the walls of the vocal
tract (intraoral cavity). The specification of low
compliance (resulting in high vocal tract
pressures) would be associated with increased
activity in larygneal muscles to assist in the
devoicing gesture, and high compliance (resulting
in low vocal tract pressures) would be associated
with a relaxation of the muscle activity in the
pharyngeal and oral cavities to allow cavity
expansion for voiced stops and continuants (Bell-
Berti & Hirose, 1973; Westbury, 1983; Perkell,
1969). Certain tense vowels may result from an
intermediate level of compliance (between high
and low) such that voicing is maintained but
overall compliance is slightly higher than for lax
vowels, It is important to note that modification in
compliance is a process that produces a relatively
slow change in the state of the vocal tract, with
relaxation (high compliance) a slower process than

constriction (low compliance). Together,
specification of the compliant state of the vocal
tract and selection of specific muscular actions is
one means by which the vocal tract states may be
neurally specified.

It should be noted, however, that the coding of
speech motor actions is viewed primarily as a
static process in which characteristic states of the
vocal tract are identified prior to their actual irc-
plementation. Considering some dynamic proper-
ties of the speech motor control system provide
some insight into the manner in which different
sounds may acguire further acoustic and kine-
matic distinction. For example, lip closing move-
ment associated with the voiceless bilabial stop
“p” is generally but not consistently associated
with a higher velocity than the voiced bilabial “b”
or “m” (Chen, 1970; Gracco, submitted; Summers,
1987; Sussman, MacNeilage, & Hanson, 1973).
Lip and jaw closing movements are initiated ear-
lier relative to vowel onset for voiceless “p” than
fr. vuiced “b” ur “m” (Gracco, submitted) resulting
in shorter vowel durations. One possible explana-
tion is that voiceless sounds are produced at a
higher rate or frequency than their voiced coun-
terparts reflecting a different underlying fre-
gque.cy specification. Movement frequency is one
dimension along which different speech sounds
can be generally categorized. This hypothetical
frequency modulation can be integrated with an-
other dynamic property of the control system. Not
only are closing movements generally faster for a
voiceless than for a voiced consonant, but the pre-
ceding opening movement has also been observed
to be faster (Gracco, submitted; Summers, 1987).
It appears that not only may sounds be coded as a
function of the frequency of individual vocal tract
adjustments but that the functional requirements
for specific sounds may be distributed across
movement cycles rather than focused on a single
movement phase. This observation suggests the
operation of a look-ahead mechanism (Henke,
1966) similar to or identical with the mechanism
underlying anticipatory coarticulation which pre-
dictively adjusts vocal tract actions. Speech motor
control is a dynamic neuromotor process in which
overall vocal tract compliance, the location of pni-
mary valving or shaping synergies, and frequency-
modulated motor commands are specified by the
immediate and future acoustic/aerodynamic re-
guirements.

Invariance, Redu .dancy, and Precision

Before presenting some of the specific processes
of the speech motor control system that are used
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to modulate overall vocal tract organization, two
important and related issues should be addressed;
invariance and precision. The search for
invariance has a long and generally unsuccessful
history in investigations of speech production with
the obvious conclusion that invariance is not a
directly observable event (alternatively, the
appropriate metric has not been identified). From
the perspective of speech as a motor control
system, a more fundamental issue is the precision
with which any quantity, variable, or vocal tract
configuration is regulated. The presence of
substantial acoustic, kinematic, electromyo-
graphic, and aerodynamic variability suggests
that the speech motor control process operates at
less than maximal precision (or within rather
broad tolerance limits). The achievement of
characteristic vocal tract configurations or
individual articulatory actions is accomplished by
a synthesis of general activation of most vocal
tract structures (setting of overall vocal tract
compliance) and focused activation of the relevant
muscular synergies. This is consistent with
neurophysiological evidence demonstrated in the
studies of Kots (Kots, 1975) in which voluntary
movement is seen as a synthesis of diffuse
excitation (pretuning), 8 more fixed and discrete
increase in motoneuron excitability (tuning) and
the final “triggering” process. Similarly, brain po-
tentials prior to the onset of muscle activity dis-
play rather diffuse activation over multiple corti-
cal areas for discrete, finger and toe movements
(Boschert, Hink, & Deecke, 1983; Deecke, Scheid,
& Kornhuber, 1969) and involve larger regions for
production of speech. (Curry, Peters, & Weinberg,
1978; Larsen, Skinhgj, & Lassen, 1978). One
plausible perspective is that the nervous system
modulates the focus of primary activation but that
this process is not punctate. That is, activation
and deactivation of cortical and perhaps subcorti-
cal cells involve diffuse and slow changes in acti-
vation or deactivation which result in distributed
tonic and phasic muscle activity. Specification of
vocal tract configurations for specific sounds may
involve characteristic patterns of activation and
inhibition in all vocal tract muscles with only
slightly greater focus on critical articulators in-
volved in the more dominant or sound-critical
movements. In some cases muscles may be
partially activated just because of the proximity of
their motoneurons to other activated motoneu-
rons. One conclusion is that the neural processes
underlying speech motor control are broadly speci-
fied and that the functional speech production
goals (and the requisite perceptual properties) are

only categorically invariant. As suggested by the
apparent quantal nature of speech (Stevens,
1972), as long as the articulatory patterns are
within a certain range (have not made a category
change), the corresponding phonetic properties
will be perceived, with kinematic variations pro-
ducing very little perceptual effect. Perhaps
speech perception and production should be ap-
propriately represented as stochastic processes
based on probability statements implemented
through an adequate but imprecise control system.
Strict determinism, invariance, and precision are
most likely relegated to man-made machines
working under rigid tolerance limits or simplified
specifications, not to complex biological systems.

Sensorimotor Control Processes

Similar to the temporal organization for speech,
spatial interactions are evident that reflect
multiarticulate manipulations to achieve
characteristic vocal tract states. The clearest
examples of cooperative and functionally-relevant
spatial interactions are observed when one
articulator, such as the lip or jaw, is disturbed
during speaking. Following the application of a
dynamic perturbation impeding the articulatory
movement, a compensatory adjustment is
observed in the articulator being perturbed as well
as other functionally-related, spatially-distant
articulators (Abbs & Gracco, 1984; Folkins &
Abbs, 1975; Gracco & Abbs, 1988; Kelso et al.,
1984; Shaiman, 1989) reflecting the presence of
afferent dependent mechanisms in the control of
speech movements. The distributed compensatory
response to external perturbations is a direct
reflection of the overall functional organization of
the speech motor control process and is
comparable to other sensorimotor actions observed
for other motor behaviors such as postural
adjustments (Marsden, Merton, & Morton, 1981,
Nashner & Cordo, 1981; Nashner, Woollacott, &
Tuma, 1979), eye-head interactions (Bizzi, Kalil, &
Taglaisco, 1971; Morasso, Bizzi, & Dichgans,
1973), wrist-thumb actions (Traub, Rothwell, &
Marsden, 1980), and thumb-finger coordination
(Cole, Gracco, & Abbs, 1984). Changing the size of
the oral cavity with the placement of a block
between the teeth similarly results in
compensatory changes in articulatory actions
resulting in perceptually-acceptable vowel sounds
(Lindblom, Lubker, & Gay, 1979; Fowler &
Turvey, 1980). It appears that the speech motor
control system is designed to achieve functional
behaviors through interaction of ascending
sensory signals with descending motor commands.
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Human and nonhuman studies have shown that
sensory receptors located throughout the vocal
tract are sufficient to provide a range of dynamic
and static information which can be used to signal
position, speed, and location of physiological struc-
tures on & movement to movement basis (cf.
Munger & Halata, 1983; Dubner, Sessle, & Storey,
1978; Kubota, Nakamura, & Schumacher, 1980;
Landgren & Olsson, 1982 for reviews). Studies
utilizing perturbation of speech motor output indi-
cate that the rich supply of orofacial somatic sen-
sory afferents have the requisite properties to in-
teract with central motor operations to yield the
flexible speech motor patterns associated with oral
communication (Abbs & Gracco, 1984; Gracco &
Abbs, 1985; Gracco & Abbs, 1988; Kelso et al.,
1984). Because of the constantly changing periph-
eral conditions during speaking, the absolute posi-
tion of vocal tract structures can vary widely de-
pending on the surrounding phonetic environ-
ment. The speech motor control system apparently
adjusts for these movement to movement varia-
tions by incorporating somatic sensory informa-
tion from the various muscle and mechanorecep-
tors located throughout the vocal tract.
Considerations outlined elsewhere (Gracco, 1987;
Gracco & Abbs, 1987) suggest that the speech mo-
tor control system appears to use somatic sensory
information in two distinct ways; in a comparative
manner to feed back information on the attain-
ment of a speech goal and to predictively parame-
terize or adjust upcoming control actions.
Structurally, there is strong evidence for the in-
teraction of sensory information from receptors lo-
cated within the vocal tract with speech motor
output at many if not all levels of the neuraxis (cf.
Gracco, 1987; Gracco & Abbs, 1987 for a summary
of the vocal tract representation in multiple corti-
cal and subcortical sensory and motor regions).
Further, brain stem organization, evidenced by
reflex studies, demonstrate a range of complex in-
teractions in which sensory input from one struc-
ture such as the jaw or face is potentially able to
modify motor output from lip and tongue as well
as jaw muscles (Bratzlavsky, 1976; Dubner et al.,
1978; Smith, Moore, Weber, McFarland, & Moon,
1985; Weber & Smith, 1987). It appears that there
are multiple synaptic interactions possible
throughout the neural system controlling the vo-
cal tract, with the specific interaction dependent
on how the system is actively configured.

Speech motor actions involve the activation or
inactivation of various muscles of the vocal tract
which are adjusted based on the peripheral condi-
tions and the specific phonetic requirements. An

important question related to the neural represen-
tation for speech is the character of the underlying
activation process for different articulatory
actions. A number of recent studies, evaluating
the kinematic characteristics of different
articulators, are consistent with a single
sensorimotor process Lo generate a variety of
articulatory actions. One method for evaluating
the similarity in the underlying representation for
multiple speech sounds and their associated
movement dynamics i to compare the geometric
(normalized) form of velocity profiles. A change in
velocity profile shape accompanying experimental
manipulation of phonetic context suggests a
change in the movement dynamics, and by
inference a change in the underlying neural
representation. Conversely, a demonstration of
trajectory invariance or scalar equivalence for a
variety of movements suggests that different
movements can be produced from the same
underlying dynamics (Atkeson & Hollerbach,
1985; Hollerbach & Flash, 1982). That is, in order
to produce movement variations appropriate to
peripheral conditions and task requirements, it
may be necessary only to scale the parameters of a
single underlying dynamical relation: a much
simpler task and, by inference, a simpier neural
process. For movemente of the vocal folds, tongue,
lips, and jaw during speech it has been shown that
changes in movement duration and to a lesser ex-
tent movement amplitude reflect a scaling of a
base velocity profile (Gracco, submitted; Munhall,
Ostry, & Parush, 1985; Ostry & Cooke, 1987;
Ostry, Cooke, & Munhall, 1987; Ostry & Munhall,
1985). A scalar relation across a class of speech
sounds involving the same articulators main-
tained for different initial conditions (different
vowel contexts) suggests that the neural represen-
tation has been maximized and such a representa-
tion might reflect a basic component of speech
production. That is, all speech movements may
involve a simple scaling of a single characteristic
dynamic (force-time) relationship (Kelso & Tuller,
1984) with the kinematic variations reflecting the
influence of biomechanical and timing specifi-
cations. In addition, specification of control signals
in terms of dynamics eliminates the need to spec-
ify individual movement trajectories since the
path taken by any articulator is a consequence of
the dynamics rather than being explicitly specified
(see Kelso et al., 1984; Saltzman, 1986; Saltzman
& Munhall, 1989). The scaling of individual
actions appears to be another characteristic
process that eliminates the need to store all
possible phonetic variations explicitly. Rather, the
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control process is a scaling of characteristic motor
patterns adjusted for endogenous conditions
(speaking rate, emphasis, upcoming functional
requirements) and the surrounding phonetic
environment (sensorimotor adjustments). The
classic central-peripheral, motor program-reflex
perspectives have given way to more reasonable
and realistic issues including when and how
sensory information may be used and how the
different representations are coded for the
generation of all possible speech movements.

Movement sequencing

A significant characteristic of many motor be-
haviors such as speech, locomotion, chewing, and
typing is the production of sequential movements.
Observations that interarticulator timing is not

disrupted following perturbation (Gracco & Abbs,
1988), that speech rate can be modulated by
changes in sensory input (Gracco & Abbs, 1989),
and that perturbation induces minimal changes in
speech movement duration (Gracco & Abbs, 1988;
Lindblom et al., 1987) are consgistent with an un-
derlying oscillatory mechanism for speech.
Further, somatic sensory-induced changes in the
timing of oral closing action (due to lower lip per-
turbation) is consistent with an underlying
oscillatory process (Gracco & Abbs, 1988; 1989).
Qualitative observations of temporal consistency
of sequential movements are also consistent with
an underlying oscillatory or rhythm generating
mechanism. Presented in Figure 4 are 24 super-
imposed movements of the upper lip, lower lip,
and jaw for the sentence “Buy Bobby a Poppy.”

B uy

Bo bby

aPoppy

Figure 4. Superimposed upper lip (UL), lower lip (LL) and jaw (J) movements associated with 24 repetitions of the
sentence “Buy Bobby a Poppy”; the pattems are remarkably similar displaying little spatiotemporal variation. Only

the acoustic signal from a single repetition is shown.
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These repetitions were produced as part of a
larger study and were produced at different times
during the experiment. The subject produced one
repetition per breath and each repetition was
produced at a comfortable subject-defined rate. As
can be seen there is a consistency to the
repetitions that suggests an underlying periodicity
indicative of a rhythmic process. A few studies, at-
tempting to address the periodicity and apparent
rhythmicity of speech have demonstrated the
presence of some form of underlying frequency
generating mechanism. Ohala (1975) recorded
over 10,000 jaw movements within a 1.5 hour
period of oral reading and was able to identify
frequencies ranging from 2-6 Hz with significant
durational variability. Kelso et al. (1985) using
reiterant productions of the syllable “ba” or “ma”
demonstrated a rather strong periodicity at ap-
proximately 5-6 Hz with minimal durational vari-
ability. The findings of the Kelso et al., (1985) are
consistent with an underlying oscillatory process.
In contrast, the range of frequencies found by
Ohala (1975) may reflect the frequency
modulation associated with the sounds of the
language, a factor minimized in the Kelso et al.
(1985) study. The modulation of frequency,
dependent on specific aerodynamic properties of
the specific sounds and surrounding articulatory
environment may be a mechanism underlying the
speech movement sequencing (see also Saltzman
& Munhall, 1989 for further discussion of serial
dynamics). That fact that the frequency values
reported by Kelso et al. (1985) were similar for
“ba” and “ma” suggest that vowels may be a major
factor in determining the local periodicity.
However, it is the case that the individual
movements or movement cycles are not the same;
local frequencies are different depending on the
phonetic context.

In addition, speech production involves many of
the same muscles as such automatic behaviors as
breathing, chewing, sucking, and swallowing. It
has been suggested that the mechanisms underly-
ing speech may incorporate, to some degree, the
same mechanisms as more automatic motor
behaviors but adapted for the specialized function
of communication (Evarts, 1982 Gracco & Abbs,
1988; Grillner, 1982; Kelso, Tuller, & Harris,
1983; Lund, Appenteng, & Seguin 1982). Few
studies have focused specifically on the similarity
of speech with more innate, rhythmic motor
behaviors (Moore, Smith, & Ringel, 1988; Ostry &
Flanagan, 1989) with mixed interpretations.
Recent experiments and theoretical perspectives
on the organization of central pattern generators

for rhythmic behaviors such as locomotion,
respiration and mastication suggest a more
flexible conceptualization of the possible
behavioral outputs than has previously been
envisioned for the neural control of rhythmic
behaviors (see Cohen, Rossignol, & Grillner, 1988;
Getting, 1989 for reviews). For example, in vitro
results suggest that the central pattern generator
for respiration may more appropriately be
considered as two separate but interrelated
functions; one generating the rhythm and one
generating the motor pattern (Feldman, Smith,
McCrimmon, Ellenberger, & Speck, 1988). The
implication for other rhythmic and quasi-rhythmic
behaviors such as speech, is that each function
can be modulated independently thus generalizing
the concept of a central pattern generator to a
wider range of behaviors. Recently, Patla (1988)
has suggested that nonlinear conservative
oscillators are the most plausible class of
biological oscillators to model central pattern
generators in that they provide the necessary
time-keeping function as well as independent
shaping of the output (see also Kelso & Tuller,
1984). The recent demonstration by Moore et al.
(1988) that mandibular muscle actions for speech
are fundamentally different than for chewing
suggests that the patterning for each behavior is
different. That is, speech and chewing may share
the same generator but have different patterning
or, conversely, rely on different generators and
patterns. Conceptually and theoretically, a
fundamental frequency oscillator and static
nonlinear shaping function can generate a number
of complex patterns. While speculative, some
current CPG models have the necessary
complexity to be tentatively applied and
rigorously tested as to their appropriateness for
speech motor control.

SUMMARY

From the present perspective, the speech motor
control system is viewed as a biophysical structure
with unique configurational characteristics. The
structure does not constrain the systems’
operation but significantly affects the observable
behavior and hence the resulting acoustic
manifestations. Consideration of the structural
organization and the potential contributions from
biomechanical interactions are suggested as
potential explanations for some speech motor
variability. Sensorimotor mechanisms were
implicated as the means by which adjustments in
characteristic vocal tract shapes can be
dynamically and predictively modified to
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accommodate the changing peripheral conditions.
From the perspective of the vocal tract as the
controlled system, the consistent coordinative
timing relationships reflect the functional
modification of all the control elements or
articulatory structures. Rather than describing
sound production as the modulation or assembly
of discrete units of action, the current functional
perspective suggests that eatire vocal tract actions
are modulated to regulate acoustic/aerodynamic
output parameters. The different parameters are
realized by manipulation of the frequency of the
forcing function applied uniformly to the control
elements of the system. Rather than a parametric
forcing in which some parameter such as stiffness
is viewed as a regulated variable, it is
hypothesized that the system is extrinsically
forced by manipulation of the frequency of neural
output consistent with the spatial requirements
(e.g. movement extent) of the task. The frequency-
modulated neuromotor actions are then filtered
through a complex peripheral biomechanical
environment resulting in elaborate kinematic
patterns. Speech motor :.ntrol is viewed as a
hierarchically organized control structure in
which peripheral somatic sensory information
interacts with central motor representations. The
control scheme is viewed as hierarchical from the
standpoint that the motor adjustments are
embedded within a number of levels of orga-
nization reflecting the overall goal of the motor
act, communication. Modifications in the control
signals reflect the parallel processing of multiple
brain regions to scale and sequence changes in
overall vocal tract states (Gracco & Abbs, 1987).
The organizational characteristics of speech as a
motor control system are fundamentally similar to
other sequential motor actions and are felt to
involve a limited number of general sensorimotor
control processes.
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Sensorimotor Mechanisms in Speech Motor Control*

Vincent L. Gracco

A conceptual model of speech motor control is developed in which the elemental units for
speech are sound-producing coordinated movements of the vocal tract. The perspective
taken is that the degrees of control freedom are at a system level; in the operation of the
processes that implement the speech motor action. Speech motor control is conceptualized
as a multistage parallel process in which vocal tract specifications are activated by central
motor commands which interact with a central rhythmic output to produce serial
coordinated movements required for sound generation. Vocal tract specifications include
the selection of characteristic neuromotor patterns, which map isomorphically onto the
phonemes of the language. Coordination of the contributing movements and on-line spatial
adjustments within and among vocal tract structures are inherent in the neuromotor
patterning and activation processes, respectively. The elemental units are retrievable
patterns stored in the central nervous system and instantiated by the directed action of
the posterior parietal cortex. Two major brain systems (basal ganglia-supplementary
motor area and the cerebellar-premotor ares), are proposed to play major roles in
implementing neuromotor specifications by modulating the characteristic patterns and the
sequencing their actions into larger meaningful units of production. It is the action and
interaction of these sensorimotor mechanisms that result in the speech motor patterns
characteristic of human verbal communication.

INTRODUCTION

If you root yourself in the ground, you can afford to
be stupid. But if you move, you must have
mechanisms for moving, and mechanisms to ensure
that the movement is not utterly arbitrary and
independent of what is going on outside.

—Patricia Smith Churchland (1986).

After years of theoretical debate and endless
empirical investigations, the classic central-
peripheral issue that has guided much of the
research in motor theory has given way to the
more reasonable perspective that movement
reflects an interaction of peripheral influences and
central motor processes; behavior is sensorimotor
in nature. Moreover, it is becoming increasingly
clear that any behavior is a reflection of multiple
overlapping and interacting influences, each of
which needs to be identified. The purpose of iden-
tifying the subcomponents is not strictly

The writing of this paper was supported byNjIH grants DC.
00121 and DC-00594. Carvl Fowler is acknowledged for helpful
comments.
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to assign function to structure but to evaluate
their potential contribution to the overall process,
and hence allow development of realistic and
biologically plausible working models of the
system. An important research focus in human
motor behavior has become the development of
models that capture the essence of sensorimotor
control (P. M. Churchland, 1989; Marr, 1982;
McClelland & Rumelhart, 1986; Pellionisz &
Llinas, 1979; Pellionisz & Llinas, 1985; Rumelhart
& McClelland, 1986). The rationale for such an
endeavor is two fold: first, there is an inherent
richness and intricacity to even the simplest
problem of sensorimotor control, and second, an
implicit assumption that higher functions such as
cognition are not discontinuous with the lower
level sensorimotor functions that implement them
(see P. S. Churchland, 1986). In this regard a
statement by Hughlings Jackson made over 115
years ago seems prophetic:

I cannot conceive what even the highest nervous
centres can possibly be, except developments out of
lower nervous centres, which no one doubts to
represent impressions and movements.

—J. Hughlings Jackson (1875).
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Because of its well-learned and ecologically sig-
nificant nature, speech is an ideal behavior for the
investigation of sensorimotor control mechanisms.
Moreover, as a reflection of one of man’s most
highly developed behaviors, a thorough under-
standing of the processes of communication may
provide valuable insight into the operation and
functional organization of the human nervous
system.

The purpose of the following chapter is to pro-
pose a preliminary conceptual model of speech
production from a functional (e.g., communicative)
perspective that is grounded as much as possible
in physiological mechanisms and plausible ner-
vous system processes. Implicit in any model of
human behavior is the tacit assumption that the
hypothetical processes or functions actually exist
in some form in the central nervous system or at
least emerge from central, peripheral and/or
biomechanical interactions. As such, the concep-
tual model will be limited to constructs known or
suspected from nervous system mechanisms. How
many different mechanisms are required to ex-
plain the observable behavior? What aspects of
the observable behavior need to be explained or
accounted for? What role does peripheral sensory
information play in the control of speech move-
menta? What are the organizational principles for
speech production? These are some of the issues
that will be dealt with in the following chapter.
Because the model presented is conceptual in na-
ture and preliminary in form, only basic principles
will be presented and many details will be lacking.
One important component that will not be dis-
cussed is the contribution of the biomechanical pe-
riphery to the shaping of the complex kinematic
patterns characteristic of speech. Only through in-
corporation of the physical properties of the vocal
tract with underlying sensorimotor mechanisms
can a realistic and parsimonious model be con-
structed. Within this limitation, a focus on under-
lying global sensorimotor processes should provide
an additional and potentially viable perspective on
speech production and perhaps a better perspec-
tive on motor speech disorders as well.

Organizational structure for speech
motor control

In order to discuss the sensorimotor mecha-
nisms that may underlie speech production it is
first necessary to determine the most plausible
conceptualization of the system being controlled.
During speech, different vocal tract actions are
sequenced to produce groups of linguistically-rele-
vant sounds. Over the last 8-10 years, attempts

have been made to determine the specific organi-
zation for speech motor control, i.e., to identify the
appropriate level of articulatory organization. The
lack of invariant individual articulatory actions
and the relatively consistent ensemble articula-
tory actions suggests that the nervous system does
not explicitly control the action of a single muscle
or articulator (Gracco & Abbs, 1986; Kelso &
Tuller, 1984; Saltzman, 1986). Rather, speech mo-
tor actions are organized at a level that reflects
the interaction of a number of muscles and/or ar-
ticulators engaged in the same functional task.
For example, the final positions of the upper lip,
lower lip, and jaw during bilabial production are
not invariantly attained but vary systematically
within some limit such that an apparent goal, oral
closure, is achieved (Gracco & Abbs, 1986).
Similarly, when the movement of an articulator is
unexpectedly impeded during its normal motion,
displacement is increased in the perturbed articu-
lator as well as in various unperturbed articula-
tors actively involved in producing the movement
goal (Abbs & Gracco, 1984; Gracco & Abbs, 1985;
1988; Kelso, Tuller, V.-Bateson, & Fowler, 1984;
Shaiman, 1989). Relative timing patterns ob-
served for the upper lip, lower lip, jaw, and lower
lip, jaw, and larynx in various phonetic contexts
suggests that coordinative adjustments across vo-
cal tract components is an important property of
the motor control process (Gracco & Léfqvist,
1989; Gracco, 1988; Gracco & Abbs, 1986; Lofqvist
& Yoshioka, 1981;1984). Consistent relative tim-
ing relations, distributed compensatory actions,
and systematically variable articulatory interac-
tions suggest that speech motor control must be
viewed from a perspective encompassing ensemble
articulatory actions. An important research ques-
tion is the size of the ensemble, i.e., the size of the
production unit.

One possible approach to the question of articu-
latory organization is captured in the construct of
a coordinative structure (Fowler, Rubin, Remez, &
Turvey, 1986; Kelso, 1986; Kugler et al., 1980;
Saltzman & Kelso, 1987; Turvey, 1977). For
speech, such a style of organization involves a
number of flexible, but relatively constrained ar-
ticulatory actions or ensembles, represented
conceptually as tract variables (see Saltzman,
1986; Saltzman & Munhall, 1989) or
physiologically as functional synergies (Fowler et
al., 1980; Kelso, 1986; Kelso & Tuller, 1984)
assembled into larger action units to produce
sound (Browman & Goldstein, 1989; 1990;
Saltzman, 1986; Saltzman & Munhall, 1989).
From this perspective, speech sounds result fr.-m
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the assembly of vocal tract actions (constriction
producing events) from presumably independent
primitive gestural units (Browman & Goldstein,
1989; Fowler et al.,, 1980; Kelso, 1986). This
particular organizational scheme can be thought
of as horizontal in the sense that the vocal tract is
partitioned into articulatory subsystems which
are marshalled into task-specific patterns (Kelso,
1986). However, one assumption of the
coordinative structure, i.e., an active process that
pieces together or assembles elementary or
primitive articulatory actions has never been
critically evaluated.

The construction of complex behaviors from
simpler movements has been suggested for other
tasks such as locomotion (Flashner, Beuter, &
Arabyan, 1988), handwriting (Hollerbach, 1981:
Morasso & Mussa-Ivaldi, 1982; Edelman & Flash,
1987; Lacquaniti, 1989) and rointing movements
(Atkeson & Hollerbac* ¢ ,5: Morasso, 1981). A
major difference, howe ., is that the behavior is
organized vertical.y .. the sense that complex be-
havioral sequences are composed of a smaller
segments involving the entire effector unit rather
than anatomical parts. For example, a primitive
stroke in. handwriting would involve all necessary
components of the shoulder, arm and hand to pro-
duce a curved line (an elemental stroke) rather
than isolated actions of the parts. Using the same
analogy, speech production may be described as
the concatenation of fundamental actions such as
opening the vocal tract (as in the production of
vowels) and closing the tract (as in the production
of consonants) which produce or modulate sound.
Rather than viewing the production of a /p/, for
example, as involving a number of independent
gestures (lip aperture gesture, a glottal gesture,
an oral and pharyngeal gesture, and a velar ges-
ture) assembled through a coordinative process, a
simpler perspective is to view speech production
in a wholistic sense in which characteristic neu-
romotor patterns, involving all components of the
vocal tract, is the elemental control structure for
speech. It can be argued that observations of dis-
tributed compensatory actions involving local and
remote articulatory adjustments (Abbs & Gracco,
1984; Folkins & Abbs, 1975; Folkins &
Zimmermann, 1982; Gracco & Abbs, 1988; Kelso,
et al., 1984; Shaiman, 1989) are consistent with a
level of organization in which vocal tract
configurations are manipulated with no need for
additional processes to assemble fundamental,
nonspeech producing units. Similarly, recent
findings such as the apparent adjustment in
laryngeal timing to lower lip perturbation

(Munhall, Lifqvist, & Kelso, in press) and the con-
sistent relative timing among lip constric-
tion/occlusion movements and glottal devoicing
(see Figure 1 from Gracco & Liéfqvist, 1989) sug-
gest that neuromuscular adjustments across vocal
tract structures are accomplished through ma-
nipulation of a common driving signal (Gracco,
1988) applied in a systematic manner to all active
components of the vocal tract involved in produc-
ing a particular sound. It is apparent, however,
that the available empirical evidence is consistent
with either perspective and that conceptually
identification of “the” primitive units of speech
motor control is not important. Only in attempting
to develop a realistic and parsimonious neurobio-
logical and biophysical model of speech motor con-
trol does this issue has direct theoretical relevance.

CHARACTERISTIC MOTOR PATTERNS

As suggested above, coordinated sound-produc-
ing vocal tract actions, consistent with a segmen-
tal organization, are viewed as the smallest func-
tioning structural units in the sensorimotor
control process for speech. These hypothesized
units are not abstractions, but characteristic
neuromotor patterns whose implementation result
in the production of sound. The characteristic
patterns are similar to ideas presented by others
such as Joos (1948), Fowler (1983), Saltzman and
Munhall (1989) and Léfqvist (1990) but differ
mainly in their level of description. At a
neurophysiological level, these characteristic
patterns are not invariant but are hypothesized to
reflect a reference neural substrate which other
sensorimotor processes act on resulting in output
variability. This conceptualization is different
from earlier speech production models which
postulated the presence of invariant motor
commands in that the patterns are one part of a
distributed process, not the output of the system.
The suggestion that speech production involves
characteristic (not invariant) patterns is both
logical and observable. For example, bilabial
production always involves, to some degree, the
same muscles produced with related characteristic
actions. For example, presented in Figure 2a and
2b is a representative neuromuscular pattern ror
the upper and lower lip muscles and the resulting
movement for the nonsense word “sapapple.”
Within certain boundary conditions, oral opening
for an open vowel for /ae/ will result in some
activity in upper lip and lower lip elevator and
depressor muscles, respectively indicated in the
figure (Figure 2a) by levator labii superior (LLS)
and depressor labii inferior (DLI) (Figure 2b).
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LLS

DAO

00s
LLx

LLx

Figure 2a. Rectified muscle activity for an upper lip elevator (levator labii superior, LLS), two upper lip depressors
(depressor anguli oris, DAO, and orbicularis oris superior, OOS), upper lip displacement (ULx) and acceleration
(bottom trace) illustrating a portion of what can be considered a neuromuscular pattern for oral closing. For the upper
lip, the large negative-going acceleration marks the onset of the segment, followed by phasic bursts of muscle activity
in DAO and OOS accompanying the oral closing.

00l

MTL [T TN

DLI
Lilx

LLx

Figure 2b. Rectified muscle activity for an lower lip depressor (depressor labii inferior, DLI), two lower lip elevators
(orbicularis oris inferior, OOI, and, mentalis, MTL), lower lip displacement (LLx) and acceleration (bottom trace). For
the lower lip, the large positive-going acceleration marks the onset of the segment, followed by phasic bursts of
muscle activity in OOl and MTL accompanying the oral closing. This pattemn of activation, along with the one
presented in 2a, are considered characteristic of all bilabial sounds.
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Oral closing for any bilabial will involve some
degree of activity in upper lip depressor muscles
such as depressor anguli oris (DAO) and
orbicularis oris superior (OOSXFigure 2a), and
activity in lower lip elevators (Figure 2b) such as
mentalis (MTL) and orbicularis oris inferior (O0I);
some cocontraction in LLS and DLI will ac-
company the closing action presumably to increase
the overall stiffness of the lips and/or perhaps to
damp the movements. This description reflects a
consistent pattern of muscle action that accompa-
nies all bilabial sounds. In contrast, bilabials are
not produced with the tongue and, all things
equal, are usually produced at a faster rate than
vowel sounds. While there are certainly differ-
ences in some of the other contributing muscles in
the vocal tract depending on whether the sound is
/p/, b/, or /m/, these are based on the particular
aerodynamic or acoustic requirements for the
sound. Similarly, the relative timing of such ac-
tions are also systematically related indicating
that while the timing patterns may differ, they
are related in a predictable manner observing
simple scaling laws (Gracco, submitted). What
uniquely defines each sound in the language is its
particular neuromuscular configuration reflecting
a distinct spatio-temporal pattern of activation
and resulting motion. These patterns are not de-
signed to explain all the details of observable
speech movement actions, but are viewed as one
fundamental component in the motor control pro-
cess. Each component or group of components in
the specification may have differen’ activation
patterns which reflect the form of the signal that
impinges on lower motor neurons. In part the ac-
tivation patterns reflect the contribution of the
specific articulator to the sound as well as adjust-
ments for the different biomechanical properties of
the articulators. The activation patterns for the lip
and the jaw muscles, for example, reflect their
contribution to closing the oral end of the acoustic
tube; the activation patterns are phasic, producing
rapid closing movements; and the timing of medial
pterygoid action occurs before the labial muscles
due to the inertia of the jaw. In contrast, the acti-
vation patterns for the pharyngeal constrictors are
more tonic and of longer duration reflecting their
role in adjusting the tissue impedance of the vocal
tract walls. In this regard, these patterns are
viewed functionally as representing the essential
dynamics of speech movement production and
modulated by the differential filtering properties
of the biomechanical periphery.

Prior to motor output at the periphery, these
characteristic patterns are proposed to have a two

or three dimensional spatial representation
within, at least, the primary motor cortex and
perhaps other nonprimary motor areas as well.
Rather than attempt to present a speculate
schematic spatial representation within the cen-
tral nervous system, a schematic of a character-
istic neuromuscular implementation realized at
the periphery will be presented. Shown in Figure
3 is a representation of the output signals sent to
various neuromuscular components of the vocal
tract to produce a /p/. Given that many of the de-
tails are not currently known, the figure provides
only the important neuromuscular components of
the pattern. Further, muscle actions are func-
tional grouped such that upper lip depressors
(orbicularis oris superior and depressor anguli
oris), for example, are only represented based on
their articulatory consequences. At this level of
observation, the characteristic motor patterns are
isomorphic with the gestural constellations in the
computationally sophisticated Linguistic Gestural
Model (LGM) developed and implemented at
Haskins Laboratories by Browman, Goldstein, and
colleagues (Browman & Goldstein, 1985, 1986,
1989, 1990) and incorporates the aspects of earlier
and more recent properties of the task dynamic
model (TD) developed and refined by Saltzman
and colleagues (Saltzman, 1986; Saltzman &
Kelso, 1987: Saltzman & Munhall, 1989). The ma-
jor difference (besides the fact that the TD and
LGM are computational and this model has no
such constraints!) is that much of the details that
coordinate task-related vocal tract actions and dif-
ferentiate sounds of the language are incorporated
into stored nervous system elements which effec-
tively reduce the on-line computational complex-
ity. The rationale for such an approach is that
speech as a well-learned (or over learned) motor
behavior, incorporates much of its operation into
gutomatic sensorimotor functions.

Within the current model, the characteristic vo-
cal tract configurations and the phonemes of the
language are isomorphic. This requires 43 differ-
ent vocal tract specifications each with its charac-
teristic neuromuscular specifications retained in
nervous system memory; 43 is certainly not a
number that would tax nervous system storage or
processing capabilities. However, it is not clear
that this is the fundamental unit of production or
that phonemes are an important organizational
unit; rather, sound producing vocal tract actions
are the lowest level of sensorimotor control. As
such, included in Figure 3 are the neuromuscular
signals preceding oral closing (associated with a
generic vowel) since in most cases opening and
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closing actions must be tightly coupled. From a  of speech motor control. As suggested above, in-
sensorimotor perspective, 8 VC or CVC (opening- herent in each pattern is the temporal
closing) organization is more appealing as a unit  coordination among the constituent components.
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Figure 3. A schematic peripheral representation of a characteristic pattern of vocal tract activation for the bilabial /p/.
The dotted lines generally demarcate the segment boundaries. Abbreviations are as follows: VE-velar elevator, VD-
velar depressor, ULE-upper lip elevator, ULD-upper lip depressors, LLE-lower lip elevators, LLD-lower lip de~ressor,
JOP-jaw openers, JCL-jaw closers, EXT-extrinsic (tongue muscles), INT-intrinsic, C-constrictors, GOP- jlottal opener,
GCL-glottal closers.
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The time course of activation of the particular
components and the particular signal shapes re-
sult in consistent and systematic coordinative pat-
terns associated with various sounds. It is not
surprising that relative timing is so consistent
even in the face of mechanical perturbations
(Gracco & Abbe, 1988; Gracco & Liéfqvist, 1989;
Gracco, 1988). These characteristic patterns can
then be modulated according to other task related
factors such as the distance to be moved, the over-
all rate of movement, and the presence of various
stress adjustments. The patterns, with their in-
herent relative timing relations, can be easily
compressed or expanded in a systematic manner
by modulation of the frequency and/or amplitude
of the input signals. It is also likely that the signal
shapes vary for different articulators, since each
articulator has specific biomechanical properties
and such differences have generally been taken
into account at least during development. Finally,
separate processes extrinsic to the pattern such as
those for speech rate and stress specifications
should result in a unitary adjustment in all vocal
tract structures. The observation of simultaneous
respiratory, laryngeal, and oral adjustments ac-
companying emphatic stress-related manipula-
tions is consistent with this organizational scheme
(Fowler, Gracco, & V.-Bateson, 1989).

Before proceeding, a number of points should be
discussed. First, while vocal tract specifications
involve description of individual muscles and sub-
muscle actions, it is not being suggested that the
child learning to speak has to obtain control over
all the individual muscular degrees of freedom.
More likely, certain synergies exist, even at birth,
that reflect constraints on the sound producing
mechanism. As early as the birth cry, the infant is
producing coordinated actions of the respiratory,
laryngeal and supralaryngeal systems, or a cry
would not be possible. As such, patterns are pre-
sent that can be used as the basis for further dif-
ferentiation. It is certainly plausible that these
fundamental patterns are learned by the child
during development based on some fundamental
nonspeech actions emerging from breathing, suck-
ing, chewing, swallowing, crying and early vocal-
izations. For example, breathing involves opening
of the glottis during breathing which must be ac-
companied by relaxation (or significant reduction)
in the activity of laryngeal adductors. Similarly,
crying involves coordination of expiration with la-
ryngeal adduction to produce vibration. As the
child matures variations of this pattern may form
the basis for voicing and devoicing. During chew-
ing a basic pattern of jaw opening, accompanied

by relaxation of jaw closing, forms a pattern that
can be modified to produce the more variable jaw
patterns for speech. Speech motor development
may be envisioned as a learning process in which
the child makes finer and more varied adjust-
ments in its vocal tract, generalizing from funda-
mental nonspeech actions, to produced sounds. It
is suggested that such actions become fixed once a
sound is acquired by the child, and the character-
istic neuromuscular pattern becomes a retrievable
element in the child's sensorimotor repertoire.

There are a number of reasons for
conceptualizing vocal tract actions from a
neuromuscular perspective. First, the ability to
fractionate control of muscles into functional
chunks is consistent with the level of control
exercised by the nervous system (English, 1982;
Loeb, 1985). This is not to suggest that the
nervous system controls muscles as opposed to
movements; rather the detailed somatotopy and
apparent fractionated control at the level of the
motor cortex and brainstem can be exploited
during speech acquisition to provide the
framework to assemble patterns involving
synergistic and part muscle actions. Second,
description of the physiological characteristics of
speech movements has the potential to provide a
level of observation and detail not possible with
more traditional kinematic accounts. This
perspective captures the essence of the neural
signals which co-occur with the contractile forces
creating movement. With the concomitant
development of realistic biomechanical models or
elaboration of the biomechanical properties of the
vocal tract, such signals can be used heuristically
to determine which aspects of speech movement
need to be explained in a control sense and which
details emerge from passive biomechanical
properties of the articulators. Finally, explicit
consideration of the neuromuscular activation of
vocal tract components provides insight into the
manner in which these characteristic patterns
become modified during implementation.

MODIFICATION OF VOCAL TRACT
CONFIGURATIONS

To implement any action specific muscles in-
volved can have only one of three distinct states of
specification; activated, inhibited, or null.
Unspecified articulators (null states) allow con-
tiguous segmental vocal tract actions to intrude
resulting in coarticulation (see Fowler, 1980; Kent
& Minifie, 1977; Ohman, 1966; Saltzman &
Munhall, 1989). Similarly, vocal tract actions in-
volving the same articulator can be blended with

|
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the rate of segmental adjustments determining
the observable manifestation (see Munhall &
Lofqvist, 1992; Stetson, 1951). Vocal tract actions
may have contiguous phonetic segments with dif-
fering degrees of antagonistic action associated
with a particular articulator. In certain contexts,
neighboring submuscle actions of a particular ar-
ticulator, such as the anterior and posterior por-
tions of the tongue, may result in antagonistic ac-
tion and articulator undershoot. One of the conse-
quences of explicit consideration of neuromuscular
organization is that coarticulation and other re-
lated phenomenon involving the smearing of char-
acteristic vocal tract states should be affected by a
combination of factors including degree of compe-
tition in contiguous segments and the overall
speed or frequency of production. Further, if the
sensorimotor control scheme outlined in the previ-
ous section is correct, there should be certain ob-
servations that are concomitant with coarticula-
tory phenomena. For example, if lip rounding is
anticipated from a rounded vowel (/u/ for example)
during the production of a nonlabial consonant
such as /t/, the tongue body motion and resulting
configuration for the /u/ should also show some
affect of the intrusion of the /u/ segment. There
should be an indication that the entire segment
has blended rather than just a feature (see
Daniloff & Hammarberg, 1973; Kent & Minifie,
1977 for reviews). In the present scheme, however,
the specific coarticulatory influences can not be
entirely predicted without a fundamental descrip-
tion and understanding of the neuromuscular
configurations associated with specific vocal tract
actions. This includes some understanding of the
contribution of the biomechanical periphery and
the interactions of the anatomical linkages to the
sculpting of kinematic patterns (Gracco, 1990). In
the following section, the role of peripheral sen-
sory information will be considered as a means to
modify the central motor commands.

Sensory influences

An important consideration concerning the sen-
sorimotor control of speech is the influence of var-
ious sensory modalities. The specific extent and
mode of sensory influences on speech motor output
is still a matter of empirical investigation and
theoretical contention and is one area that is often
overlooked in speech production models.
Information extracted from the different sensory
modalities forms the basis for communicative, lin-
guistic, or sensorimotor adjustments resulting in
global as well as local effects on speech output.
There are three sensory channels that have the

potential to modify speech motor output each in
overlapping but unique ways; visual, auditory,
and somatic. During normal speaking situations,
visual information regarding ones’ vocal tract is
not typically available; direct sensorimotor link-
ages are nonexistent. Rather, visual input is re-
stricted to information regarding the communica-
tive environment and provides what can be
thought of as global influences on the motor con-
trol process. Faced with an environment that will
require sound transmission across relatively long
distances such as a classroom or lecture hall, the
output intensity that a speaker uses will be ad-
justed to assure communincative effectiveness.
Similarly, speaking to someone who is experienc-
ing auditory acuity difficulties (temporary or per-
manent) the speaker may also modify the preci-
sion of articulatory adjustments to assist the lis-
tener. In general, visual information does not ap-
pear to play a significant or consistent role in the
direct regulation of speech motor output. Rather,
visual-motor influences can be thought of as adap-
tive and are more likely used for cognitive and
certain linguistic adjustments affecting ceriain
global sensorimotor parameters.

To evaluate the potential effects of auditory
input on the motor control process, the auditory
can be eliminated (temporarily) or distorted in
various ways. Some useful information has been
obtained using this kinds of experimental
approach. For example, long duration exposure to
high levels of auditory masking (Kelso & Tuller,
1983; Lane & Tranel, 1971; Ringel & Steer, 1963),
delayed auditory feedback (Black, 1951;
Fairbanks, 1955; Zimmermann, Brown, Kelso,
Hurtig, & Forrest, 1988), and low pass filtering
(Forrest, Abbas, & Zimmermann, 1986) are some
of the conditions that can disrupt a subjects’
auditory input. However, the issue of whether the
modifications observed reflect the lack of auditory
information or whether the modifications reflect
long term exposure to novel feedback conditions
has not been adequately addressed. Since sensory
input can have both facilitatory and inhibitory
effects on motor output introducing novel
conditions for extended periods of time may result
in changes that only indirectly, at best, reflect the
potential contribution of the sensory modality to
the normal motor control process. The best
method for auditory disruption to date has been
developed by Barlow and Abbs (1978) in which the
subjects’ own acoustic output (sidetone) is
unpredictably eliminated for short durations (200
ms) on a small percentage of experimental trials.
While such a paradigm does not provide a natural
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probe into the system operation, it is much less
obtrusive than previous techniques that suffer
from potential adaptation effects.

Most researchers would agree that auditory in-
formation during speech development is critical to
the acquisition of the sound patterns of the lan-
guage. Long term elimination of auditory infor-
mation or the lack of auditory information during
speech development can severely affect the ability
to maintain or acquire speech. As such, auditory
input is considered instrumental in developing the
characteristic neuromotor patterns that form the
basis for the present model. Once acquired, how-
ever, the potential role of the auditory system may
be limited. Even so, auditory information is still
used in a corrective manner as evidenced by the
adjustments one makes to slips of the tongue and
other kinds of speech errors. In terms of on-line
sensorimotor processes, reduced or distorted audi-
tory information has been shown to result in
rather subtle deficits in speech output. From some
recent experimental evidence some have sug-
gested that auditory information might play a role
in the ongoing modulation of speech motor output
(Barlow & Abbs, 1978; Forrest, Abbas, &
Zimmermann, 1986; Zimmermann, Brown, Kelso,
Hurtig, & Forrest, 1988). The dynamic properties
of the acoustic signal can be related in a system-
atic, albeit nonlinear way, to articulatory motion,
and could conceivably be useful in making predic-
tive articulatory adjustments. To date, however,
direct experimental evidence is limited.

Early research efforts to assess the potential
role of somatic sensory information from skin and
muscle receptors located throughout the vocal
tract relied on local or nerve block anesthesia to
eliminate sensory inflow. Results were equivocal
but suggested to some that somatic sensory
information, similar to auditory information, may
play a role in speech acquisition but not in the
regulation of the speech of adults (see Borden,
1979; Gracco & Abbs, 1987; Perkell, 1980 for
reviews). It is doubtful, however, given the extent
and degree of sensory innervation in the human
vocal tract, that somatic sensory information can
ever be truly eliminated. The lack of significant
sensory reduction effects noted in some studies,
then, suggests that speech can be produced, for a
limited time without the full complement of
incoming sensory information. This does not
necessarily indicate that speech is afferent-
independent, but that speech production is an
integrated process with distributed and
overlapping functions. Eliminating or reducing
the contribution of one component of the process

results in other components compensating for the
loss.

More recently, mechanical loads unexpectedly
applied to various articulators have been used to
evaluate whether somatic sensory information is
important to the ongoing motor control process.
The reasoning is that, if sensory receptors located
in various regions of the vocal tract are being con-
tinuously, or quasi-continuously, monitored dur-
ing speaking, then disrupting articulatory move-
ment should result in observable compensation.
Results have clearly shown that somatic sensory
signals have the necessary characteristics to be a
useful in the on-line control of speech movements.
Somatic sensory adjustments are rapid, usually
less than a reaction time, and functionally orga-
nized such that the most directly perturbed articu-
lators provide the major adjustment with sec-
ondary adjustments seen in anatomically remote
functionally-related articulators. The distributed
nature of the compensation strongly suggests that
sensorimotor interactions, in the form of dis-
tributed synaptic linkages, are a feature of the
neural organization for speech. Rapid, precise so-
matotopic and topographic adjustments have, to
date, only been demonstrated from analysis of me-
chanical perturbation suggesting a dominant role
for somatic sensory input in the ongoing modula-
tion of speech motor output. This is not to suggest
that other sensory modalities do not contribute to
the ongoing sensorimotor control process; rather
that the experimental evidence is lacking. It ap-
pears that the central nervous system is con-
stantly receiving information on all phases of
speech production and sensory considerations are
as important in understanding motor control as
perceptual considerations are important for un-
derstanding action.

Perhaps the best way to illustrate the manner in
which direct sensory information can be used in
the control of movement is to consider the motor
task itself. Speaking involves the continuous
modulation of the vocal tract producing local and
global aerodynamic events structuring the air in
characteristic ways. The specific vocal tract con-
figurations are constantly changing during speak-
ing with the same sound exhibiting variable
movement patterns dependent on, among other
things, phonetic context. From perturbation stud-
ies it is known that sensory information from so-
matic sensory receptors can interact with central
motor commands to make short-term (within a
few hundred milliseconds) and longer term con-
textual adjustments in speech motor output. The
characteristic neuromuscular pattern previously
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presented (Figure 3) can easily be adjusted
through the vast sensorimotor linkages within
and among vocal tract structures. As such, so-
matic sensory input from antecedent articulatory
events can be used to modulate select properties of
the neuromuscular pattern automatically (see
Gracco, 1987 for discussion). In the case of a /p/
preceded by either a low vowel a neutral vowel or
a high vowel, the oral aperture would reflect dif-
ferent degrees of openness with respect to some
neutral or reference level. The somatic sensory in-
put would, based on well established sensorimotor
linkages, modulate the neuromotor pattern ac-
cordingly. Recent experimental results for bilabial
sounds preceded by high or low vowels are
consistent with the idea that there is an overall
modulation of oral closing actions based on oral
opening considerations (see also Folkins &
Linville, 1983); an estimation of oral opening can
be easily obtained from the jaw movement (or
position) associated with the preceding vowel (cf.
Gracco, 1987; Gracco, submitted). Further, when
the oral opening distance is reduced due to a high
vowel preceding closure, the upper and lower lip
closing movements are reduced together
suggesting that upper and lower lip control
signals are modulated together. The resultant
modulatory effects of sensorimotor linkages are
dependent on a number of factors including the
parameters of the central activation signals, and
the strength and sign of the synaptic connections
(the wiring). Sensorimotor interactions with
characteristic neuromotor patterns provide a
means to reduce the computational requirements
of contextual variations by providing automatic
adjustments in the control signals based on the
conditions at the periphery.

SEQUENCING OF VOCAL TRACT
ACTIONS

Speech is more than the specification of
characteristic motor patterns adjusted for context.
An important consideration in speech production
is the sequencing of vocal tract actions into
communicatively meaningful units of production.
While speech is a specialized human function, the
view taken here is that it is one of many
important brain functions and any theoretical
account must adhere to principles that are shared
by other similar behaviors. If one accepts the
premise that the human brain has evolved from
earlier brains, (based on the need to predict and
control species-specific events in the
environment), then supposing that more complex,
higher-level behaviors developed from lower level

related behaviors, within and across species, is a
logical extension. This is not to suggest that
speech, locomotion, and handwriting, as examples
of sequential motor behaviors, share specific motor
patterns; rather, they may share similar
mechanisms for their implementation as well as
adhere to similar organizational principles (see
Grillner, 1982; Kelso & Tuller, 1984). Common
organizational principles and sensorimotor
processes may be used for speech and other motor
behaviors, although they will be adopted to
specific task requirements (e.g., communication)
and effector properties. Speech and other
sequential motor behaviors such as typing,
handwriting, locomotion, mastication, and to a
lesser extent respiration involve serial ordering of
muscle actions and movements. For more
automatic behaviors such as mastication and
locomotion, central rhythm generators have been
identified which produce behavior-specific
rhythmic motor output similar in form and
function to those identified in lower vertebrates.
Differences in muscle activity and movement
patterns for speech, chewing, and respiration
clearly indicate that the same central pattern
generator does not underlie all behaviors (Moore,
Smith, & Ringel, 1988; Smith & Denny, 1990).

A number of observations, however, are consis-
tent with the presence of some kind of rhythm
generating mechanism or neural network as the
basis for sequential speech motor adjustments.
For example, compensatory adjustments for lower
lip perturbations during an oral closing movement
demonstrate changes in interarticulator timing
consistent with the operation of an underlying os-
cillatory or rhythm generating mechanism (Gracco
& Abbs, 1988; 1989). Specifically, the timing of the
oral closing action is advanced (vowel duration is
shortened) if the perturbation occurs prior to the
onset of the closing action (Gracco & Abbs, 1988).
In a complementary investigation it was also
found that if a lip perturbation was unexpectedly
removed well in advance of oral closure, the clos-
ing action was delayed (vowel duration increased)
(Gracco & Abbs, 1989). These results are consis-
tent with a conclusion that phase-related effects of
sensory stimuli, resulting from the perturbation,
interacting with rhythmic motor output to modify
sequential timing. The qualitative observation of
spatiotemporal consistency of sequential move-
ments associated with repeated production of sen-
tence-length material (see Gracco, 1990) is also
suggestive on an underlying sequencing mecha-
nism. Other results such as minimal movement
durational changes to static (Lindblom, Lubker,
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Gay, Lyberg, Branderal, & Holgren, 1987) and
dynamic perturbation (Gracco & Abbs, 1988) are
consistent with an underlying mechanism in
which sequential timing is maintained.

Recent experiments and theoretical perspectives
on the neural control of rhythmic respiratory
movements offer an interesting framework for
speech movement sequencing (Feldman, Smith,
McCrimmon, Ellenberger, & Speck, 1988). It has
been suggested that the central pattern generator
for respiration may more appropriately be
regarded as two separate, but interacting,
processes; one specifying the pattern of muscle
actions, and one specifying the timing of the
output (the rhythm). A similar scheme can be
suggested for speech. The characteristic neuromo-
tor patterns for speech sounds outlined above in-
teract with a central rhythm generating process
which dictates the timing of the output (see also
Saltzman & Munhall, 1989). Two studies of note
have attempted to evaluate the apparent
rhythmicity of speech. Ohala (1975) recorded over
10,000 jaw movements over a 1.5 hour period of
oral reading. Although there were frequencies
evident from spectral analysis in the range of 2-6
Hz significant variability was also observed. In
contrast, Kelso et al. (1985) reported a rather
strong periodicity, with little variability, at
approximately 5-6 Hz for lower lip/jaw movements
during reiterant speech. The results of the two
studies are only contradictory if one assumes that
context should not interactively affect rhythmic
output. The Ohala study did not constrain the
reading material and, hence, reflected a range of
phonemic content. Kelso and colleagues, on the
other hand, restricted the phonemic content to
“ma” and “ba” It seems more likely, given the
intrinsic timing character of various sounds, that
output frequency may be modulated by phonemic
context; the sounds of the language may have
their own intrinsic frequency (timing) properties
(cf. Fowler, 1980). For example, vowels can be
categorized as long or short, generally related to
their average relative duration, and consequently
to different speed and extent of jaw opening
actions. Similarly, movements of various
articulators associated with high pressure
consonants are often produced at a faster rate
than their voiced low pressure counterparts. As
shown recently, the oral closing movement is
initiated sooner with a tendency for higher closing
movement velocity when the consonant is /p/ as
opposed to /b/ or /m/ (Gracco, submitted). It is
suggested that a central rhythm generator

provides the framework for the sequencing of
sound-specific patterns with contain certain
intrinsic phoneme-specific differences resulting in
the continuous modulation of the basic rhythm.
An important consequence of incorporating a
central rhythm generator into a speech production
model is the ability to explain rate, stress, and
final lengthening changes with manipulation of a
single mechanism; global and local changes in the
frequency of the rhythm. Changes in speaking
rate can be viewed as an increase in the output of
the generator, producing characteristic changes in
the segments as well as their sequencing. For
example, increasing the output frequency of the
generator (increasing speech rate) is accompanied
by higher amplitude, shorter duration bursts of
muscle activity (see Figure 4 for example, also
Gay, Ushijima, Hirose, & Cooper, 1974; Gay &
Hirose, 1973) which results in higher movement
velocities, as shown in Figure 4, and a reduction
in movement displacement (Kelso et al., 1985).
The reduction in movement displacement is a
consequence of greater gestural overlap (Browman
& Goldstein, 1989; Saltzman & Munhall, 1989)
effectively increasing the damping. Similarly,
stress and final lengthening can be viewed as a
local decrease in the output frequency. It is the
case that phrase-final lengthening and stress
manifest different kinematic effects (see Edwards,
Beckman, & Fletcher, 1991). However, these may
merely reflect differences in context such that
phrase final articulations are less constrained
because of the relative time between it and the
next segment, and the movement continues longer
and farther as a consequence; there is no active
mechanism to arrest the movement. The
possibility that a central rhythm generator
underlies the serial timing is an attractive
hypothesis that is in need of empirical validation.

POTENTIAL NEURAL MECHANISMS

From the previous discussion, it has been sug-
gested that there are multiple functional pro-
cesses underlying the generation and sequencing
of speech movements. These processes include
phonological (vocal tract) specification, sensorimo-
tor integration, and sequencing of sound-produc-
ing elements. A fundamental premise in the pre-
sent model is that there are characteristic pat-
terns stored in the nervous system whose selection
and activation initiate events which ultimately
produce coordinated sequential vocal tract actions.
At present any attempt to speculate on where or
how such patterns are stored would be premature.
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Figure 4. Averaged (n=12) muscle activity for upper lip and lower lip muscles and the associated upper and lower lip
closing movement velocities. Subject repeated the word “sapapple” at a fast and slow (subject defined) rate. Averages
were aligned to the peak jaw opening velocity (not shown). Although the peak velocities are higher during the fast
rate condition, compared to the slow rate condition, the resulting displacements are smaller.
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However, it is possible to consider the sensorimo-
tor implementation of these hypothetical patterns
as well as to generally speculate on the contribu-
tion of various distributed neurcanatomical sys-
tems that are known to be involved in speech pro-
duction (cf. Abbs, 1986; Gracco & Abbs, 1987;
Kent, 1990 for reviews).

In humans, acquired lesions posterior to the
central sulcus result in a form of fluent aphasia
characterized by varying degrees of phonological
impairment (Blumstein, Cooper, Zurif, &
Caramazza, 1977; Blumstein, Cooper, Goodglass,
Statlender, & Gottlieb, 1980; Tuller, 1984). Given
the large representation of facial structures, and
the projections to supplementary and premotor
cortices (Petrides & Pandya, 1984; Wiesendanger
& Weiesendanger, 1984), posterior parietal cortex
(area 7b), having sensory, motor, and behavioral
functions (Hyviirinen, 1981; 1982), seems a likely
candidate for the instantiation of phonological
goals. As suggested above, it is not clear where the
phonological specifications are stored, but once re-
called from memory the posterior parietal region
may be involved in the setting up of a number of
neuroanatomical system used for the implemen-
tation of speech motor actions. As such, posterior
parietal and no doubt portions of frontal cortex,
are “upstream” from the sensorimotor implemen-
tation of speech production and can be viewed as
performing a prescriptive or executive function.

In contrast, two major brain systems, involving
the basal ganglia and supplementary motor area
(SMA) and the cerebellum and pre-motor area
(PM), are viewed as the major implementation
centers to carry out the details of the speech pro-
duction process. The function of the basal ganglia-
SMA system, surmised from human lesion and
behaving nonhuman primate studies, appears to
have the requisite function to be involved in scal-
ing the hypothesized characteristic neuromotor
patterns in the present model. For example, be-
havioral data from the human limb studies (see
Marsden, 1984 for review) and focal stimulation
and lesion data from behaving nonhuman pri-
mates in which the primary deficit was an inabil-
ity to scale muscle actions (DeLong, Alexander,
Georgopoulos, Crutcher, Mitchell, & Richardson,
1984; Horak & Anderson, 1984ab). SMA lesions
appear to exaggerate the inability to scale muscle
actions to task, often resulting in total speech ar-
rest (Arseni & Botez, 1961; Caplan & Zervas,
1978) and a pronounced reduction in self-initiated
voluntary movement (see Wiesendanger, 1985 for
review). Parkinson’s disease results in speech

movement impairments that reflect generalized
reduction in the speed, and extent of articulatory
movements resulting in perceptually distorted
consonants, slowed speech rate, and a tendency
toward monotone. It is suggested that these
deficits reflect a generalized reduction in the abil-
ity to scale muscle actions to the specific speech
movement requirements. Consistent with the lo-
cation of the basal ganglia upstream from motor
cortex and the relatively indirect access of direct
sensory information, it is suggested that the neu-
romuscular scaling operation is controlled by cor-
tical influence, predominantly the SMA with sec-
ondary influences from other cortical areas
(Alexander, Delong, & Strick, 1986).

Speech movement deficits associated with
Parkinson’s disease do not demonstrate
impairments in the duration of the individual
movements (Connor, Abbs, Cole, & Gracco, 1989:
Forrest et al., 1989) suggesting that the basal
ganglia is not involved in the sequencing of
movements. However, aphasic patients with
anterior cortical lesions and ataxic dysarthrics
demonstrate a sequencing difficulty manifest in
voice onset timing (see Baum, Blumstein, Naeser,
& Palumbo, 1990; Blumstein et al., 1977; 1980), a
sequencing difficulty consistent with damage to
the premotor area which receives projections from
the cerebellum, a neural structure involved in
timing movement sequences (Kent & Rosenbeck,
1982; Gracco & Abbs, 1987; Ito, 1984). Similarly,
neurophysiological investigations in nonhuman
primates have shown the PMA to be involved in
the sensory guidance of movements (Godschalk,
Lemon, Nijs, & Kuypers, 1981; Halsband &
Passingham, 1982; Rizzolatti, Scandolaara,
Matelli, & Gentilucci, 1981) similar to the function
proposed for the cerebellum (Ito, 1984; Soechting,
Ranish, Palminteri, & Terzuolo, 1976). In generasl,
the cerebellar-PM system appears to function as
an important component in the incorporation of
peripheral sensory signals into the central motor
commands.

The final component in the present model is the
hypothesized central rhythm generator. While
there is no evidence that the cerebellum is the site
of a central rhythm generator for any motor
action, it has been suggested by Ito (1984) that the
cerebellum may contribute to the timing of many
rhythmic motor behaviors. The speech timing
changes associated with cerebellar damage is
consistent with at least a contributing role. Other
considerations for the locus of a central rhythm
generator would be the intricate synaptic
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connections within the brainstem that could
possibly be temporarily set into oscillation by
directed input from cortical structures, similar to
the central masticatory rhythm generator
(Nakamura, 1986 for example). An alternate
possibility is that speech rhythm and hence serial
timing is a network property that emerge from a
hierarchical organization (Martin, 1972). It is
clear that a definitive answer to the presence and
possible location of a central rhythm generator
underlying speech timing will require a great deal
more experimental consideration.

One prediction from the sensorimotor organiza-
tion presented in the presant chapter in which the
vocal tract is considered the smallest functional
control structure operated on by sensorimotor
scaling and timing processes is the absence of
subphonemic speech errors as would occur with
speech subsyeiem impairment (Abbs, Hunker, &
Barlow, 1983). Except for cases of focal nervous
system damage such as a dystonia, or lower mo-
toneuron damage, speech motor impairments spe-
cific to an articulatory subsystem should not occur.
The deficits associated with various nervous
system damage may result in different degrees of
impairment because of the biomechanical or phys-
iological differences of individual articulators.
However, it is not clear that surface differences
are a true reflection of underlying differential
deficits. For a variety of speech motor disorders
due to damage to basal ganglia, cersbellum and
anterior and posterior cortical areas, deficits are
observed that are consistent with a global rather
than focal breakdown. That is, the major neu-
roanatomic sensorimotor systems involved in
speech production including the basal ganglia-
supplementary motor system, cerebellar-premotor
cortical system, and inferior parietal cortex, ep-
pear to function, not in the control of movement
per ge, but in processes from which movement
emerges.

SUMMARY

The framework that emerges from the preceding
is that speech motor control involves a small
number ol sensorimotor processes applied in a
unitary maruer to the vocal tract and modulated
according to ‘ask requirements such as speech
rate, articulatury precision, and suprasegmental
stress. In the current model, these processes
include selection and activation of characteristic
vocal tract acticas, spatiotemporally scaled
according to phonological considerations, such as
intrinsic timing properties, and peripheral
conditions. Somatic sensory information is an

important component of the system allowing
dynamic modulation of relatively stereotypic
motor commands. An underlying rhythmic
mechanism is proposed which provides the
temporal framework for sequential speech
adjustments as well as a mechanism to
systematically vary suprasegmental speech
timing. These fundamental sensorimotor
processes interact and overlap to produce the con-
tinuous dynamic modulation of the vocal tract
generating time-varying pressures and flows. An
important constraint on the model is that the un-
derlying processes are consistent with generally
accepted nervous system operations. An important
prediction from the model is that nervous system
damage, unless extremely focal, should produce
global deficits attributable to one or some combi-
nation of three major nervous system functions for
speech; pattern specification, scaling of muscle
actions, and initiation and sequencing of the pro-
duction units.
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Analysis of Speech Movements: Practical Considerations

and Clinical Application

Vincent L. Gracco

The instrumental evaluation of speech movements is an important adjunct to the
assessment and understanding of speech motor disorders. As the interface between the
nervous system and aerodynamic modifications in the vocal tract, movement variables
such as displacement, velocity, accelerstion, and their time histories, can provide direct
information on speech motor disorders that can only be inferred from acoustic or
perceptual evaluation. Impairment in various aspects of neuromotor functioning is
reflected in the motion of individual articulators and their coordination, and may reflect
early signs of functional change due to disease or trauma. Within certain limits, movement
analysis can be used as an objective method for categorizing speech motor disorders and
monitoring change due to therapeutic intervention. Further, objective comparison of
orofacial motor behavior during speech and nonspeech tasks may provide diagnostic
insight into underlying pathophysioclogical processes. A perspective on the potential utility
of speech movement analysis in the assessment, treatment, and understanding of speech
motor disorders is the focus of the present chapter. The limitations of speech movement

analysis and the need for clinically-relevant research will be presented.

INTRODUCTION

With the increased availability of measurement
devices for transducing movements of the speech
articulators, computer software for automated
processing and analysis of data, and decreased
cost of computer hardware, instrumental evalua-
tion of human vocal tract movements is becoming
more feasible for inclusion into the clinic. Analysis
of upper and lower limb movements employing
various instrumental tests have been used for the
last 40 years to aid in the evaluation and diagno-
sis of various pathophysiological conditions and to
determine the outcome of clinical trials (see Potvin
& Tourtellotte, 1985 for review). For speech,
movement analysis is a potentially important ad-
junct to more traditional acoustic and perceptual
analyses used routinely in the clinic. In addition,
analysis of speech and nonspeech (orofacial)
movements can be used to evaluate the
consequences of motor disorders that have not yet

This work was supported in part by NIDCD Grants DC-
00594 and DC-00121.

developed to the point of significantly affecting the
communicative process. The purpose of the
present chapter is to cutline some of the ways in
which analysis of movement parameters and
movement patterns may be used clinically. Before
proceeding, it may be helpful to reiterate a point
made by Potvin and Tourtellotte (1985);

“To the extent that instrumented tests can be
developed for measuring functions, their selective use
can provide information that might not otherwise be
available. However, investigators should be aware
that the ability to measure small differences reliably
can yield statistically significant differences that may
not be of clinical importance.”

In the following, the focus will be on measure-
ments that may have specific functional utility in
terms of assessing speech production capabilities,
detecting differences in neurologic function, and
improving understanding of speech motor perfor-
mance. Because of the current limitation in nor-
mative data and the wide range of inter- and in-
trasubject variability, both qualitative and quanti-
tative methods will be presented.
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INTERPRETATION OF MOVEMENT

The evaluation of movement can be approached
from a variety of perspectives. From a motor
control perspective, speech production is observed
to be a sequential production of different vocal
tract configurations that are coordinated in space
and time and overlap to various degrees. Visual
inspection of speech movements allows for a
qualitative impreasion of overall motor
functioning. Compare, for example, the lip and
jaw movement signals presented in the left half of
Figure 1, obtained from a neurological normal
subject, with the movement signals in the right
half of the figure, obtained from a subject with
Parkinson’s disease (PD). Each subject is
repeating the same sentence and the scaling for
the two sets of signals is the same. Without
knowing what is being said, and disregarding the

ormal

WA
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BuyBobbya Poppy

SPEECH

respective acoustic signals, it can be s:en that
there are marked differences in the two sets of
movements. While there are some general
similarities iz Llie overall movement patterns, the
extent of articulator motion of both the upper lip
and lower lipjaw movements for the PD subject is
less than for the normal subject, consistent with
the clinical manifestations of hypokinesia.
Movement velocities, displayed above and below
the respective UL and LLJ displacements, are
severely reduced in magnitude for the PD subject
as well. Further insight can be gained into the
manifestations of the disorder by evaluating the
acoustic signal simultaneously with the movement
signals. The impoverished and slow movements
from the Parkinson’s subject are accompanied by a
poorly differentiated acoustic signal consistent
with the perceptual speech characteristics of
imprecise consonant production.

PD

Velocity [ 30

- 0 mm/sec

‘Smm

Displacement
125
W 0 mm'sec
Velocity
-125

500 msec

Figure 1. Upper lip (UL) and lower lip/jaw (LL]) movement displacement and velocity from a neurologically normal
subject and a subject with Parkinson’s disease (PD). The subjects task was to repeat the utterance “Buy bobby a
POPPY” at a comfortable rate and loudness with even stress. Shown below each set of movement signals is the

respective acoustic speech signal.
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Other qualitative observations can be made
from movement signals that are important for a
thorough understanding of the sensorimotor
breakdown and functional deficits associated with
particular speech disorders. Based on previous re-
search it has been shown that multiple articula-
tors engaged in the production of the same sound
display spatial and temporal patterns that reflect
their cooperative behavior (Gracco, 1988, 1990;
Gracco & Lofqvist, 1989). Individual speech
movements generally display smooth continuous
motion characterized by a unimodal velocity pro-
file (Gracco & Abbs, 1986; Munhall, Ostry, &
Parush, 1985; Nelson, 1983; Ostry, Cooke, &
Munhall, 1987). Breakdown in the coordinative
action of multiple articulators, a loss in the ability
to smoothly sequence concatenated vocal traet
gestures, or multiple peaks in the velocity profile
associated with a single articulatory move ment
are observations that reflect qualitatively on the
processes of speech motor control. From exawiina-
tion of discrete events associated with a single
speech or nonspeech motor task, it is also possible
to functionally evaluate the neuromotor system at
the level that reflects on the net force applied to
articulators to produce individual movements. In
order to generate movement a certain pattern of
excitati~n and inhibition is produced in the ner-
vous system and directed to the lower motor neu-
rons. The action potentials generated by the input
signals result in two distinct peripheral events;
electrical responses in the muscle membranes
producing EMG’s, and the generation of forces
originating from the contractile elements of the
muscles. Movement reflects the summation of net
active and passive forces with a certain time his-
tory filtered through the biomechanical properties
of the structures being moved. If the structure is
at least in part inertial, the initial acceleration of
the load will be proportional to the initial contrac-
tile force. Similarly, the peak velocity of a move-
ment is generally proportional to the force magni-
tude integrated over the movement time.
Inspection of individual movement patterns can
provide heuristic information regarding the neu-
romotor functioning of the patient and reflect on
the mechanical characteristics of particular
articulators.

BASIC KINEMATICS

In order to objectively and quantitatively evalu-
ate speech movements a measurement framework
is required. Any description of movement relies on
the terminology of kinematics. A complete kine-
matic description of any movement, especially of

the vocal tract, is geometrically complex. For most
purposes, the motion of bodies can be reduced
from irregular shaped masses to points, and the
motion of such points can be described with kine-
matic variables. The description of point motion is
analytically complex, requiring 15 data variables
which change over time (Winter, 1979). For clini-
cal purposes, the displacement (the distance from
a starting to an ending position) and velocity (the
directional speed) are the most useful for describ-
ing articulatory motion. In order to keep track of
the changing kinematic variables and maximize
their descriptive usefulness it is important to
adopt a reference convention and a coordinate sys-
tem. Motion can be described relative to some
siatic articulatory position, such as lip movement
relative to a rest position. An alternative that also
provides spatial information is to reference the
movements to an immobile anatomical structure.
The most frequently used spatial coordinate sys-
tem involves three perpendicular axes represent-
ing the sagittal, frontal, and transverse planes.
Movements of articulators can then be described
with respect to inferior-superior (y), anterior-pos-
terior (x), and lateral-medial (z) directions, re-
spectively, relative to some anatomical reference.
The most important consideration for clinical use
is that a convention be established, one that is
consistent with respect to the purpose of the mea-
surement and reproducible within and across
subjects.

As mentioned, the displacement of a point on an
articulator surface and the velocity at which the
articulator moves are two important kinematic
variables fundamental to the description and
evaluation of motor disorders characterized by
hypokinesia (reduction in movement extent),
bradykinesia (slowness in movement; reduced ve-
locity), and akinesia (slowness in movement initi-
ation). Shown on the left in Figure 2 is a position
time history of a single midsagittal point on the
lower lip as it moves from opening for a vowel to
oral closure for /p/. Under the displacement signal
is the time history of the instantaneous velocity
mathematically derived from the displacement
signal. From the displayed signals, the maximum
displacement, calculated as the distance between
onset position and offset position associated with
the movement, and the associated peak instanta-
neous velocity, are easily obtained. Additionally,
the duration of the movement, defined as the time
from onset to completion can also be obtained. As
shown in the figure, the velocity profile can be fur-
ther dissected to provide information on the accel-
erative and decelerative phases of the movement.
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Ignoring gravity, the accelerative phase of a
movement generally reflects the increase in net
force applied to the load (articulator) due to the
contraction of the muscles. In contrast, the decel-
erative phase of a movement generally reflects the
decrease in net force acting on the load due to the
relaxatiqgn of the contractile process and any an-
tagonistic muscle actions. Displacement and

Displaceme
LL

Movement Time

Peak Velocity

Displacement

Peak position - onset position

Peak
sing
Pos

velocity measures provide the means to describe
and quantify movement and also allow some in-
ference on the properties of the muscular actions
that caused the motion. In addition to measuring
the discrete components of a movement, the fre-
quency and amplitude of repeated productions can
also be calculated as illustrated on the right side
of Figure 2.

, Peak 10 Peak j

AvAvAv/

F\/alley lo Valley’

Frequency = 1/cycle duration

Figure 2. Representation of the displacement and velocity of a point on the lower lip associated with a single oral
closing movement for /p/ (left hand portion of the figure). Shown are some of the variables to be measured (see text for
further details). The displacement and velocity of the same point on the lower lip during repetitive opening and
closing movements associated with repetition of /pae/. From repetitive syllables, the frequency of production can be

derived as shown.
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INSTRUMENTATION

Prior to presenting a protocol that we have been
using to instrumentally evaluate speech and non-
speech movements, a brief discussion of the
movement transduction devices and general oper-
ating principles follows. Monitoring upper articu-
Iator movement can be accomplished using a va-
riety of transduction techniques. In general, these
techniques convert mechanical energy, repre-
sented as movement of an articulator or group of
articulators, to electrical energy, represented as
an analog voltage. Many methods are available to
convert a physiological event to an electrical signal
and generally involve direct or indirect variation
in electrical quantities such as resistance, ca-
pacitance, inductance, or the magnetic linkage be-
tween coils. The four basic techniques currently
available in different forms for use in the speech
clinic involve strain gauge transduction, optical
transduction (optoelectronic sensing devices),
imaging (ultrasound), and electromagnetic trans-
duction. The following will briefly review the
techniques and commercially available devices
with respect to their basic principles of operation,
clinical utility, and practical limitations. A more
detailed analysis can be obtained from various
sources such as Abbs and Watkin (1976), Baken
(1987), and Geddes and Baker (1968).

Strain gauge transduction

Strain gauges are resistive elements that are
mounted on a flexible, lightweight strip of metal
anchored at one end and attached to a moving
surface on the other end. The voltage output from
a gauge is proportional to the movement at the
end of the mobile attachment. Strain gauge
transducers are used for monitoring external
articulatory movements such as the lips and jaw.
Initially, the technique was used in the
transduction of jaw and lip movements by
Sussman and Smith (1970a, b). Refinements of the
method of attachment have been reported by Abbs
and Gilbert (1973) and Miiller and Abbs (1979). A
significant clinical development was reported by
Barlow, Cole, and Abbs (1983) in which strain
gauge transducers were attached to a lightweight
aluminum frame which could be mounted to a
subjects head. This refinement allowed the
monitoring of lip and jaw movement without
requiring stabilization of the subjects’ head; for
many neurological patients, head stabilization is
an unacceptable condition. The cantilever beams
can be instrumented to sense motion in one or two
(orthogonal) dimensions, although the two
dimensional units and their attachments add

significantly to the overall weight and can
decrease stability. The cantilever beams are
commonly attached to a point on the midsagittal
plane (midpoint of the lips and chin) providing
inferior-superior and anterior-posterior motion
sensing. Strain gauge transducers provide a
continuous analog output that can faithfully
reproduce the fastest lip and jaw movements. A
bridge amplifier is required for each direction of
movement to supply an excitation voltage to the
resistive elements and to amplify the signal prior
to storage or analog-to-digital (A/D) conversion.

Optical transduction

The most notable optical technique for tracking
human movement involves a position sensing de-
vice and pulsed light-emitting diodes to track
points in a two or three dimensional coordinate
system (Watsmart, Northern Digital, Inc., of
Waterloo, Ontario, Canada; Selspot, Selective
Electronics, Inc., of Sweden). Devices that rely on
the sensing of LED’s are limited in a similar man-
ner to the strain gauge devices in that they can
only be used to monitor the external articulators
such as the lips and jaw. There are some photo-
electric devices that rely on the sensing of light
reflection which can be used to monitor tongue
movement (Chuang & Wang, 1978; Fletcher,
1982). However, such optical scanning systems for
tongue motion require small LED light sources
and photosensitive detectors arranged in an artifi-
cial palate worn by the patient. In addition to this
practical limitation and the lack of commercial
availability, a distance dependent error has been
reported requiring a refinement in calibration
procedures (McCutcheon, Lakshminarayanan, &
Fletcher, 1990). A final device, using charge cou-
pled device (CCD) sensors eliminating reflection
errors, is currently being marketed (Optotrak,
Northern Digital, Inc.). Similar to the optoelectric
devices, the CCD device provides three dimen-
sional information on the movement of visible
sensors with 0.1 mm accuracy over a one cubic
meter volume. These commercial devices can also
be purchased with customized software for analog-
to-digital conversion, signal processing and auto-
mated analysis. The most significant drawback to
these systems is the cost which may be as high as
$50,000 to $60,000 for a complete three dimen-
sional acquisition and analysis system.

Imaging
The most common imaging device having

potential clinical application is ultrasound (see
Sonies, 1982 for review). An ultrasound signal is
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passed into the body and the differential tissue
properties associated with different structural
layers provide different reflections to the
generated sound. The ultrasound reflections are a
series of echoes that can then be detected by the
transducer. The longer the echoes take to be
reflected, the further the tissue is away from the
source. Through a knowledge of the anatomy and
the different transmission times, the structures
within the path of the ultrasound can be
reconstructed. For the human vocal tract,
ultrasound can be used to visualize and track
motion of soft tissuse structures such as the tongue
and vocal folds. A number of research studies have
employed ultrasound to evaluate the shape and
motion of the tongue (Sonies, Shawker, Hall, &
Gerber, 1981; Stone, Morish, Sonies, & Shawker,
1987; Stone, Shawker, Talbot, & Rich, 1988), the
movement of the tongue dorsum during speech
(Keller & Ostry, 1983), movement of the vocal
folds during devoicing (Munhall & Ostry, 1985)
and tongue motion during swallowing (Stone &
Shawker, 1986). While ultrasound devices are
commercially available they are costly and are
often not optimized for vocal tract use.

Electromagnetic transduction

Using alternating magnetic fields it is possible
to track point movement of small transducers
placed on the tongue, lips, velum, and jaw in the
midsagittal plane. The basic device employs a si-
nusoidal signal driving a transmitter coil which
produces lines of magnetic flux. Small receiver
coils, or transducers, moving through the mag-
netic field are induced with a signal that is pro-
portional to the effective cross-sectional area of
the receiver coil and the flux density. If the
transmitter and receiver axes are parallel, the
magnitude of the induced signal is 2 measure of
the distance between the transmitter and receiver.
Recently, a commercially available electromag-
netic system for tracking movements of the upper
articulators has been developed and marketed un-
der the name of the Articulograph AG100
(Carstens Medizinelektronik, Goittingen, West
Germany). This system allows the tracking of up
to five small receiver coils placed on various
supragiottal articulatory structures in the mid-
sagittal plane. The transmitter assembly is placed
on the subjects head and secured in a manner
similar to the head mounted movement system
developed by Barlow et al. (1983). Although the
system is commercially available, development
and refinement is continuing (see Tuller, Shao,
and Kelso, 1990 for initial evaluation of system

performance). The system requires a microcom-
puter to calculate the x-y positions of each trans-
ducer in real time and stores the data on the com-
puter disk. Software routines are provided for
data display and analysis. Cost of the system, in-
cluding a microcomputer, is approximately
$42,000. Other magnetic devices are commercially
available to record positions and movements of the
mandible and the interested reader is referred to
an article by Michler, Bakke, and Mgller (1987)
for further information.

There &re a variety of commercial devices for the
transduction of speech movements, each with cer-
tain strengths and weaknesses. The optoelectric
devices are capable of three dimensional motion
tracking and provide sophisticated software for
analysis; the major limitation is the cost. The
headmounted movement system is a low cost al-
ternative that can be used with children and
adults. The system can be configured to allow
transduction in two dimensions although some
problems may arise due to the extra weight of the
transducer unit. Ultrasound and the
Articulograph are the only devices available that
allow transduction of tongue movements. Similar
to the optoelectric devices, the cost of the respec-
tive equipment is high. For all devices, a certain
amount of technical sophistication and a basic un-
derstanding of the operating principles is re-
quired. A final consideration is the transduction of
lower lip and jaw movement. The movement
transduced at the lower lip is actually a combina-
tion of lower lip and jaw movement. In order to
evaluate the separate lower lip and jaw actions
during speech or nonspeech movements, both the
jaw and lower lip and jaw movements are ac-
quired. The jaw signal is then subtracted from the
lower lip/jaw signal yielding net lower lip move-
ment. Using the magnetic device, a transducer coil
placed on the midpoint between the lower central
incisors, can be used as a reflection of “true” jaw
motion. For the optical devices, a custom fitted
jaw splint can be used with an additional light
emitting diode used to track jaw motion. While it
is possible to obtain jaw movement from a sensing
device placed on the chin, such placement may re-
sult in skin movement artifact (see Kuehn, Reich,
& Jordan, 1980). For most clinical applications,
the combined movement of the lower lip and jaw
may suffice, eliminating the need to factor out the
contributions of the two articulators.

Other considerations

Once obtained, the data must be stored in some
form for analysis. The storage device may be an

————
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oscillographic recorder with a paper medium, an
FM tape recorder, or the signals may be digitized
directly to computer disk. Data converted from
analog to digital form requires anti-aliasing
filtering prior to conversion. The general function
of anti-aliasing is to insure that false frequencies
not present in the original signal are not intro-
duced into the digitized signal. In order to avoid
aliasing, the analog signal must be filtered and
then digitized at a rate that is at least twice the
cutoff frequency of the anti-aliasing filter. The
minimum sampling rate is known as the Nyquist
rate and is calculated by doubling the highest fre-
quency contained in the signal of interest. Since
speech movements contain mostly low frequencies
(generally below 15 Hz), the Nyquist rate could be
as low as 30 Hz with the anti-aliasing (low pass)
filter having a cut off frequency at 15 Hz.
However, a 30 Hz sampling rate provides a poor
quality time display with a point sampled only ev-
ery 33.3 ms. (A movement that lasts approxi-
mately 120 ms would be represented by only 4
points.) In order to improve the temporal quality,
also important when deriving the velocity of the
movement, higher sampling rates are often used.
An additional consideration is that hardware
filters create phase delays in the signal which
vary as a function of the cut off frequency.
Therefore, it is generally desirable to use an anti
aliasing filter with as high a cut off frequency as
possible. Once digitized, the movement signals
may be further smoothed in software to eliminate
any noise in the signal. Using digital filters time
delays can be eliminated and the signal can be
filtered at a much lower frequency. Similarly,
software differentiation (central difference algo-
rithm) is the preferred method of obtaining first
and second derivatives since it does not introduce
time distortions to the signal.

MOVEMENT ANALYSIS

Most movement disorders result in a reduction
in movement extent (hypokinesia), speed
(bradykinesia), a slowness in initiation (akinesia),
or become generally dyscoordinated. Each of these
clinical signs can be evaluated kinematically and
subsequently quantified for intrasubject compar-
isons. We have recently been using a limited
speech and oral motor inventory with subjects
having various movement disorders focusing on
movements of the lips and jaw. Subjects are re-
quested to produce syllables and nonspeech ges-
tures at two rates; a comfortable (preferred) and
maximal rate. Words and sentences are also re-
peated at a comfortable rate and are used for both

qualitative and quantitative examination.
Nonspeech movements are used to evaluate the
orofacial motor system to determine the extent of
neuromuscular involvement. It is felt that this
protocol provides the minimal amount of informa-
tion necessary to understand the functional and
structural changes accompanying many motor
disorders. In the following, movement data for a
portion of the protocol will be presented from two
subjects, both with PD, who have different degrees
of speech motor impairment. Subject one (S1) has
minimal speech motor involvement while subject
two (S2) has a moderately severe dysarthria char-
acterized by imprecise consonants. Motion of the
upper lip and lower lipjaw were transduced using
a head mounted movement system (Barlow et al.,
1983) instrumented with strain gauges aligned for
two dimensional sensing. The head mounted
frame was oriented such that inferior-superior
and anterior-posterior movements were referenced
to the Frankfort plane.

An initial step in the analysis involves
examination of some of the data in two
dimensional space. Shown in Figure 3 is the path
of the jaw in x-y space, with anterior-posterior
movements represented on the x axis and inferior-
superior movements represented on the y axis, for
a series of speech and nonspeech opening and
closing movements. The subject produced repet-
itive opening and closing movements of the lip/jaw
and repeated the syllable /sa/ for approximately 5
seconds the two rates; a comfortable (preferred)
and fast (maximal) rate. A number of observations
can be made from the x-y representation. First,
the increase in speed required for the fast rates
results in a general reduction in the movement
extent for each task. Second, the extent of
movement for /8a/ repetitions is less than that for
opening and closing the mouth and the /sa/
repetitions are produced in the middle two thirds
of the space occupied by the opening and closing
nonspeech movements. Finally, the path taken by
the jaw in both tasks and conditions is essentially
straight and smooth. These observations from an
individual with Parkinson's disease are qualita-
tively similar to those made for normal subjects.
Figure 4, in contrast, displays similar data
obtained from S2. As mentioned, this subjects’
speech motor skills are more severely affected
than the previous subject. From the x-y represen-
tations of the speech and nonspeech movements
it can be seen that the lip/jaw movements
are reduced in extent, less smooth, and more
variable than was observed in the previous figure
(note the different scales for the two figures).
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Figure 3. Two dimensional movement of the lower lip/fjaw for npﬂitive productions of oral opening/closing
(nonspeech) and /sae/ for S1 (see text). Movement directions as indicated
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Figure 4. Two dimensional movement of the lower lip/jaw for repetitive productions of oral opening/closing
(nonspeech) and /sae/ for S2 (see text). Movement directions as indicated.
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In order to evaluate such data quantitatively the
time histories of the movements must be
displayed. Presented in Figure 5 are examples
from the two subjects of continuous opening
and closing inferior-superior movements
(nonspeech) of the LLJ. The well defined peaks
and valleys in the displacement trace provides a
way of automatically identifying the different
movement phases (opening-closing) and cal-
culating the displacement and frequency of
repetition. Below each trace is the summary of a
software routine which identifies the peaks
and valleys in the displacement trace and
calculates the frequency of repetition (F0), and the
average displacement (mm) of the seguential
movements.

Shown in Figure 6 are the upper lip and lower
lip/jaw movements in the x and y dimensions
associated with repeated production of the syllable
/pae/. It can be seen that the upper and lower lips
move in both a superior-inferior and anterior-
posterior direction. The movements are generally
smooth and regular, and the upper lip moves less
in extent than the lower lip. Shown in the next
figure (Figure 7) are examples from the two
subjects illustrating the results of the automated

analysis routine applied to the displacement
traces. Average movement displacement and the
frequency of production at each rate was
calculated from the inferior-superior movement of
the lower lip/jaw. Subjects repeated the syllables
at a comfortable or preferred rate and as fast as
possible for approximately six seconds. The peaks
and valleys in the displacement signals are
indicated by the vertical ticks above the traces
and the summary measures were calculated as
shown under each trace. From these results it can
be seen that the lower lip/jaw movement for the
more severe subject (S2) displays a smaller
movement displacement compared to the less
impaired subject (S1) although the preferred rate
of repetition is approximately equivalent (2.9 vs.
2.8 Hz). At the fast rate the less severe subject
(S1) is able to increase the frequency of production
(2.8 to 5.4 Hz; 93% increase) with a concomitant
reduction in the movement displacement (8.0 to
5.6 mm). In contrast, S2 is unable to increase the
frequency of syllable repetitions to the same
degree (2.9 to 3.5 Hz; 20% increase). In addition to
measuring the movement displacement and
frequency, similar measures can be made on the
derived velocity time histories.

OPENING/CLOSING--PREFERRED RATE

LLJ UWV\/ 51

1 4 T | 4 T

PEAK-CENTERED CYCLES

N=>5 FO = 1.098
CYCLE DURATION MEAN = ©.911
CYCLE SIZE MEAN = 14.897

S2

PEAK-CENTERED CYCLES

N=3 FO = ©0.638
CYCLE DURATION MEAN = 1.567
CYCLE SIZE MEAN = 6.055

Figure 5. Opening and closing lower lip/jaw movements in the inferior-superior direction for S1 and S2. Peak centered
information is displayed under each trace.
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Figure 6. Upper lip and lower lip/jaw movement in the anterior-posterior (x) and inferior-superior {y) directions for
repetition of the syllable /pae/. As shown, UL and LL] movement for the opening and closing involve movement in

both x and y directions.
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Figure 7. Output from an automated analysis routine that
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peaks and valleys in the displacement signal (indicated

by the vertical ticks above and below the respective signals) and calculates the number of peaks {valleys), the
frequency of production (F0 in Hz), mean cycle duration (period), and the mean cycle size (mm). Shown are data from
two subjects with different degrees of speech motor impairment secondary to PD. Subjects repeated the syllables aca

preferred rate and as fast as possible.
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A comparison of speech and nonspeech
movement tasks is presented in the next two
figures (Figures 8 and 9). These data were
obtained from the same two subjects presented in
the previous figure. In each case the subject’s task
was to purse and retract the lips and to repeat the
vowel sequence “uu”-“ee,” at comfortable and fast
rates. Because these movements are predom-
inantly produced with anterior-posterior
movements of the lips, only the anterior-posterior
movements were measured. For S1 (Figure 8),
both lips appear to be moving together (in phase)
for all tasks. The consistency of the timing
relations can be easily calculated using cross
correlation. The nonspeech task (purse-retract) is
not constrained by phonetic requirements and
allows a more detailed evaluation of orofacial
mobility. For this subject the nonspeech task is

lll

Purse/Retract

Preferred
Rate

accomplished by equivalent contributions of the
upper and lower lips. In contrast, “uu/ee”
repetitions predominantly involve lower lip action.
The frequency of both the speech and nonspeech
tasks increase in the fast rate condition, although
the nonspeech tasks demonstrates a greater
degree of change. Results from the more severely
involved subject (S2) are presented in Figure 9.
For this subject, the rate changes are much less
noticeable with the nonspeech task demonstrating
a greater degree of impairment than was noted in
the speech task. In addition, the nonspeech task
was apparently difficult for S2 who demonstrates
slow and labored protrusion and retraction of
the lips. There is also some indication of a
dyscoordination of the upper and lower lip
movements at the faster rate during the speech
task.

UU/EE

AVaVaVaVaVaAVAVAV .

V\/\»/\/\’/\—/\/\./\’/L Anterior

ISmm

Frequency = 1.1 Hz

e

Frequency = 1.5 Hz

AN AAAN

Posterior

Fast
V\W Rale |,
X
1 s8¢C
Frequency = 3.3 Hz S Frequency = 2.0 Hz

Figure 8. Two different repetitive tasks involving predominantly anterior-posterior (x) motion of the UL and LL] for
$1. Shown are the position time histories for altemating and continuous pursing and retracting and altemating vowel
production “uu-~ee” at preferred and maximally fast rates. Below each panel is the average frequency of production.
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Figure 9. The same repetitive tasks as in Figure 7 involving predominantly anterior-posterior (x) motion of the UL and
LL] for S2. Shown are the position time histories for altemating and continuous pursing and retracting and altemating
and continuous vowel production “uu-ee” at preferred and maximally fast rates. Below each panel is the average
frequency of production except for the purse/retract task because of the siowness of production.

Other applications

There are additional applications in which
movement transduction and analysis can used in
the clinical evaluation of movement disorders.
Instrumental tests can be used to provide
information on the reaction time, speed, and
visuomotor integrative abilities of the patient. In
simple reaction time, the delay from the
presentation of an auditory or visual stimulus to
the onset of some response is measured. If the
response involves movement to a target, such as
closing the lips, the movement time can also be
measured. Reaction time and movement time can
be differentially affected in certain disorders such
as Parkinsonism (Evarts, Teriiviiinnen, & Calne,
1981) and provide a means to objectively assess
akinesia and bradykinesia, respectively during a
nonspeech task. Tracking tests require the subject
to follow a moving target with the output of a
transducer attached to one of the articulators (see
McClean, Beukelman, & Yorkston, 1987 for
application to components of the speech motor

system). Clinical applications usually involve
scoring techniques which reflect the magnitude of
the error between the target and the patients
output. Such tests have been useful in evaluating
ataxia or characterizing the impairment in
producing smooth continuous motion of an
effector. While not directly applicable to the
perceptual deficits associated with speech motor
disorders, these nonspeech results may prove
useful in understanding the neurological condi-
tion, aspects of which may be masked by compen-
satory behavior of the patient. These novel tech-
niques have been used in evaluating limb impair-
ments associated with a variety of neurological
disorders. The reader is referred to Potvin and
Tourtellotte (1985) for an extensive compilation of
measures and references.

RESEARCH NEEDS

In attempting to provide a quantitative basis for
the evaluation of speech movements, two needs
are obvious; the need for standardization and
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normative data bases. Al measures that have
been described or implicated can be used to objec-
tively monitor subject performance and evaluate
disease progression or improvement due to thera-
peutic intervention. However, diagnostically, such
measures have limited utility due to; 1) the lack of
norms currently available, 2) solid correlational
studies which attempt to relate kinematic charac-
teristics with disease states or severity of in-
volvement, and 3) technical standardization to al-
low valid intersubject comparisons. However, it
may be the case that norms, while useful, may
prove to be relatively uninformative or even mis-
leading due to the range of variability in the nor-
mal population. This is not to suggest that norma-
tive data are not necessary. Rather, it may be
more important to realize that speech movement
data should not be evaluated in isolation without
considering concomitant acoustic and perceptual
characteristics of the disordered speech as well as
overall motor and sensory performance levels.
Only through a synthesis of observations can we
hope to understand the communicative breakdown
that is often interleaved with a more general sen-
sorimotor deficit due to damage to the nervous
system or modifications in nervous system
operation.

CONCLUSIONS

Movement analysis is an objective and quantita-
tive method of describing the behavior of the oro-
facial system during speech and nonspeech tasks.
Evaluation of speech movement characteristics
verify, refine, and extend, inferences and observa-
tions based on acoustic, aerodynamic, or auditory
perceptual analyses. Both speech and nonspeech
movements provide important information on the
neuromotor functioning of the patient and facili-
tate assessment of disease states. Further, infor-
mation related to the movement impairment can
be easily assimilated by members of an interdisci-
plinary rehabilitation team. Quantitatively,
movement transduction provides a reliable esti-
mate of motor performance and can objectively
monitor changes in performance associated with
various forms of therapeutic intervention or
changes in disease state. An improved under-
standing of movement deficits that underlie a
specific motor disorder may lead to the develop-
ment of novel treatment approaches that might
not otherwise be considered.
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Reiterant Speech as a Test of Nonnative Speakers’ Mastery

of the Timing of French*

Andrea Levitt?

The reiterant speech of ten native speakers of French was analyzed to develop baseline
measures for syllable and consonant/vowel timing for a series of two-, three-, four-, and five-
syllable French words spoken in isolation. Ten native speakers of English, who learned French
as a seoond language, produced reiterant versions of both the French words and a comparable
set of English words. The native speakers of English were divided into two groups on the basis
of their second language experience. The first group consisted of four university-level teachers,
who were relatively experienced leamers of French, and the second group of six less
experienced learners of French. The French reiterant imitations of the twr ~roups of native
speakers of English were compared to the native French kers' producnons. The timing
patterns of the experienced group of non-native speakers did not differ significantly from
those of the native French speakers, whereas there was a significant difference between these
two groups and the group of six less experienced second-language learners. Deviations from
the French baseline measures produced by the less experienced group are discussed in terms
of the influence of the timing patterns of English and the literature on a sensitive period for

second language acquisition.

INTRODUCTION

Although considerable research shows that na-
tive language phonetic habits influence second
language productions, even for experienced sec-
ond-language speakers (see Flege, 1986, for an ex-
tensive review), little work has been done on the
influence of first language timing patterns on sec-
ond language rhythmic patterns. One such study
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(Wenk, 1985) found an influence of native French
rhythmic patterns on the timing of English as a
second language. However, the effect of English
timing patterns on the acguisition of French has
not been directly tested.

The use of reiterant speech to test for such
influence presents several advantages. In
reiterant speech studies, subjects are asked to
substitute a single syllable, often /ma/, for each of
the original syllables in a word or sentence.
Acoustic and perceptual analyses of reiterant
speech have shown that it preserves the prosodic
characteristics of the original utterance (Larkey,
1983; Liberman & Streeter, 1978; Nakatani,
O'Connor, & Aston, 1981; Oller, 1973).
Furthermore, because measurements of segment
and syllable durations are easy with reiterant
speech and are generally unconfounded by
segmental variation, many studies have used such
duration measurements in English for analyzing
rhythm (e.g., Nakatani et al., 1981), for studying
the perceptual effects of timing variations
(Larkey, 1983; Nakatani & Schaffer, 1978), and
especially for determining how durations vary as a
function of utterance position and stress (e.g.,
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Oller, 1973). Reiterant speech duration
measurements have also been made on Swedish
(e.g., Lindblom & Rapp, 1973), and comparisons of
the rhythmic features of a group of languages
have been made on the basis of reiterant speech
(Hoequist, 1983; Vatikiotis-Bateson, 1986).
However, very little work has been done with
reiterant speech on the rhythmic features of
French, aside from that done by Vatikiotis-
Bateson (1986), where reiterant speech was used
to determine universal and language-specific
effects on articulator timing in native speakers
from a group of languages. The use of reiterant
speech as a means of testing a non-native
speaker’s mastery of the timing patterns of a
foreign language has not been previously
attempted. In learning a second language,
speakers need to learn new timing patterns for
individual segments, often as a function of context
(Mack, 1982), as well as new rhythmic patterns.
Reiterant speech is particularly well suited to
testing the acquisition of new rhythmic patterns
independently from the effects of timing for non-
native segments.

The speech rhythm of French and that of
English are quite distinct. French has been tra-
ditionally classified as a “syllable-timed” language
(e.g., Pike, 1945), with syllables essentially equal
in length. This characterization of French rhythm
has been criticized (e.g., Dauer, 1983; Fletcher,
1991; Wenk & Wioland, 1982) for failing to
recognize the important final-syllable lengthening
that is characteristic of French rhythmic groups,
which may be either the individual “sensa groups”
of a French sentence or individual French words
spoken in isolation. Thus, nonfinal syllables
within unemphatic French rhythmic groups are,
except for effects of phonetic variation, essentially
equal in length, whereas final syllables show
considerable lengthening. English, on the other
hand, has been traditionally classified as a “stress-
timed” language (e.g., Pike, 1945). Because of
variable word stress, any English sentence
presents a series of stressed syllables which
alternate with unstressed syllables. A stress-
timed language is supposed to maintain equal
intervals between stressed syllables. Thus, if an
interval between two stressed syllables contains
more unstressed syllables than another, those
unstressed syllables should show relatively
greater compression. English also exhibits
characteristic patterns of final-syllable
lengthening, including word-final, phrase-final,
and utterance-final lengthening (Oller, 1973).

Although the characterization of English as a
“stress-timed” language has also been criticized
(e.g., Dauer, 1983; Wenk & Wioland, 1982), its
rhythmic pattern is nonetheless quite different
from that of French, especially in two salient re-
spects. First, in Engligh, nonfinal syllables will
vary in length as a function of stress, whereas in
unemphatic French, nonfinal syllables within a
rhythmic group are essentially equal in length.
Second, although both languages exhibit final-
syllable lengthening, the magnitude of the final-
syllable lengthening effect and its location both
vary. Thus, the magnitude of utterance-final
lengthening is greater in French than in English
(Delattre, 1966). In addition, in English, utter-
ance-final lengthening appears to be greater than
phrase- or word-final lengthening (e.g., Oller,
1973). A similar difference in the magnitude of
final-syllable lengthening has been observed for
utterance-final compared to phrase-final lengthen-
ing in French (Benguerel, 1971; Fletcher, 1991;
but cf. Allen, 1973), but not for words. French
words exhibit final lengthening only at the ends of
rhythm groups or when uttered in isolation.

Which of these rhythmic differences are second-
language learners of French likely to master first?
On the one hand, since both languages exhibit
final-syllable lengthening, English-speaking
learners of French might find it easier to adjust
the magnitude of such lengthening as they acquire
the rhythm of French. On the other hand, Flege
(e.g., Flege, 1981; Flege, 1987; Flege &
Hillenbrand, 1984) has proposed that second-
language learners are more likely to master the
totally new phonetic features of a second language
than those that can be assimilated to their native
repertoire. In that case, English-speaking learners
of French might find it easier to acquire the
relatively equal timing of nonfinal syllables in
French, which is not found in English.

In order to conduct a test of the acquisition of
French rhythmic patterns by native speakers of
English, it is first necessary to establish baseline
measures for timing patterns in French using the
reiterant productions of native speakers of
French. Not all speakers are equally good at
producing reiterant speech that preserves the
timing of the original utterance (Larkey, 1983).
Thus, it is important that the baseline measures
be based on the fluent productions of the best
reiterant speakers. Once these measures have
been established, they can be compared to
published findings about the durations of
consonants, vowels, and syllables in French.
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Experiment I reports the results of an experiment
designed to produce such data.

We may then ask how well non-native speakers
of French match the timing patterns of the native
French productions. In Experiment II, reiterant
versions of both French and English words made
by native speakers of English were analyzed in
order to establish a similar set of baseline
measures for reiterant English, to determine how
well the non-native speakers of French differing in
degree of experience with the language match the
timing of the productions of the French speakers,
and to see whether any deviations from the
French baseline measure stem from the influence
of English timing patterns.

I. EXPERIMENT 1

A. Subjects. Ten subjects, five male and five
female, participated in the study. All were native
speakers of French from the Paris region. All of
the subjects have advanced graduate degrees.
Although the majority of their daily verbal
exchanges took place in French, all the subjects
had some experience with other languages, as is
typical of highly educated Europeans.

B. Test materials. The materials for the
experiment consisted of a set of 30 French words,
6 two-syllable, 12 three-syllable and 6 each of
four- and five-syllable words. (See the Appendix
for a complete list of the stimuli.) As stress in
French is on final syllables, and all of the words
were produced in isolation, all of the two-, three-,
four-, and five-syllable words in French were
stressed on their final syllable. Each word was
typed on the center of a 3 x 5 card. The cards were
presented in the same random order to all
subjects.

C. Procedure. Recordings were made in a
soundproof booth using a Sony tape recorder
(model TC-510-Z) and a Sennheiser microphone
(model MD 441-V). The subjects read the word
typed on the card out loud and then reproduced
what they had just said by substituting the
syllable /ma/ for every syllable of the original,
while preserving both its timing and the melodic
contour. They were asked to be careful to use the
syllable /ma/ in all cases and to repeat a stimulus
item and its reiterant version, if they felt they had
made an error.

D. Equipment and measurement methods. The
30 French words and their reiterant versions were
low-pass filtered at 4.9 kHz, digitized at 10 kHz,
and stored on disk, using Haskins Laboratories’
Vax 11-780 computer. All durational measure

ments were made by the author on the reiterant
speech using large-scale waveform displays, with
a resolution of 0.1 ms. Differences in amplitude
between the consonant and the vowel, as well as
differences in the appearance of the waveforms
associated with /m/ (the nasal murmur) and /a/,
made segmentation relatively easy. This was par-
ticularly true for reiterant productions by French
speakers. It was very easy in almost all cases to
segment the /m/ and the /a/ because French /m/
and /a/ are kept quite distinct, whereas English
oral vowels in a nasal environment often show
some nasalization (Clumeck, 1975). When there
was a question about the location of a particular
boundary, it was resolved through listening to the
segments in question. The most common segmen-
tation difficulty arose in determining the location
of the end of the word. A consistently conservative
criterion was applied, such that the termination of
periodicity was used to mark the end point. This
excluded breathy releases, but seemed best for
consistent comparisons across speakers.

In order to test the reliability of the duration
measurements, a random sample of 12 French
reiterant utterances containing 82 separate
measurements were measured a second time by
the author. Absolute duration measurement
differences were within 4 ms of the original on the
average overall and within 9 ms on the average on
the 12 final vowel measurements.

Not all individuals are equally adept at
producing reiterant speech that faithfully mimics
the prosodic characteristics of the original
utterances. To construct accurate timing models,
we must require that the reiterant utterances
chosen for analysis come from subjects who have
demonstrated that they are capable of
neutralizing inherent segmental length
differences. That is, the subject must produce
reiterant syllables of the same length, all other
things being equal, for both original syllables that
are inherently long and for ones that ate
inherently short. Reiterant speech studies
typically use specially constructed sentences that
are rhythmically matched, based on their stress
patterns, although one sentence of each pair
contains words with inherently long syllables and
one sentence contains words with inherently short
syllables. Thus, the sentences in each pair are
rhythmically the same, with the same number of
syllables and the same locations for stressed
syllables, but the individual syllables vary in
length. Subjects should produce essentially
identical reiterant productions for both sentences
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in a set, if, in fact, they are neutralizing intrinsic
differences in the durations of individual
segments.

In the present study, each of the two-, three-,
four- and five-syllable word-length types had syl-
lables composed of segments of inherently differ-
ent lengths. Thus, instead of using a sentence-
length test, measures of subjects’ duration mea-
surement variability in producing word types were
used as an indication of their ability to neutralize
inherent segmental length differences. Each
reduplicative version of a particular word of a
given length was considered a token of that word-
length type. The standard deviations for compa-
rable measurements, e.g., first syllable length,
were calculated across tokens for each subject for
each word-length type and averaged. Separate
values were calculated for each of the four word-
length types because it is generally more difficult
to produce good reiterant versions for longer ut-
terances. Finally, an overall mean (measure A)
and a standard deviation (measure B) of each sub-
ject’s mean standard deviations for the four
French word-length types were calculated. The
overall group mean was 25 ms for measure A and
20 ms for measure B. Subjects were rank ordered
on both measures, and three subjects, one female
and two males, showed means and standard devi-
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ations that were consistently longer than the
other subjects (35 ms for measure A and 33 ms for
measure B for the group of three). They had also
produced more errors between them (16) than the
other seven subjects combined. Their data were
excluded from the construction of the French
baseline measures for timing. For the remaining
seven subjects, the mean for measure A was 19 ms
with a mean 14 ms for measure B.

E. Results. There were only seven errors made
across the seven subjects (3%), most of which
involved the addition or deletion of a syllable,
usually on words of four or five syllables. All
errors were excluded from the construction of the
baseline measures for timing. There were also two
instances of missing data (1%).

Figure 1 shows the mean durational
measurements for the syllables of the reiterant
versions of each of the four word-types in terms of
the mean durational measurements of the
consonants (/m/) and vowels (/a/) of each syllable.
The mean duration of /m/ in nonfinal syllables was
83 ms, of /m/ in final syllables was 103 ms, of /a/ in
nonfinal syllables was 93 ms and of final /a/ was
171 ms. Nonfinal syllables averaged 175 ms in
length, whereas final syllables measured 274 ms
on the average, an increase of aimost 100 ms or a
final/nonfinal ratio of 1.6.1
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Figure 1. Consonant and vowel durations, as a function of word length, syllable position, and stress, for reiterant
productions of French words spoken in isolation by native speakers of French. (Numbers indicate syllable position, S
indicates stressed syllables, and W indicates unstressed syllables).
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This final-syllable lengthening was found to be
significant in the results of a two-way analysis of
variance comparing the subjects’ mean nonfinal
and final syllable lengths for the four word-length
types [F(1,6)=130.19, p < 0.0000]. There were no
word-length type and no word-length type by
syllable position interactions. Analyses comparing
subjects’ mean nonfinal syllable lengths for each of
the four word-length types were also not
significant.2 A separate two-way analysis of
variance to explore segment length in final and
nonfinal syllables again showed a highly
significant effect of syllable position [F(1,6)=105.8,
p < 0.0000]). There was also a significant effect of
segment type [F(1,6)=46.01, p <. 0005}, and a
syllable by segment type interaction [F(1,6)=60.26,
p < 0.0002). Post hoc tests (Newman-Keuls)
revealed that final /a/ was significantly different
from nonfinal /a/ and from final and nonfinal /m/
and that final /m/ was significantly different from
nonfinal /m/, all at the p < 0.05 level or better.
Nonfinal /m/ and /a/ were not significantly
different from one another.

Table 1 shows the mean length of each of the
word types and the ratio of the mean length of the
consonant to that of the vowel in each syllable.
The overall mean C/V ratio was .9 for nonfinal
syllables and the C/V ratio was .6 for final
syllables. In addition, Table 1 presents the ratios
of the mean syllable length to the word as a whole.

Table 1. Mean word lengths (in ms) and C/V and
CV/length ratios in reiterant speech productions of
French words by native speakers of French.

Word Length in Syllables
Two Three Four Five
Mean Word Length  448.2 611.6 776.2 1027.5
Ratios
Ci1/vi 9 9 8 9
Cov2 .6 8 9 1.0
CinNg .6 9 1.0
C4/V4 v 9
C5/V5 7
Ratios
CVI/L 4 3 2 2
CV2L .6 3 2 2
CV3L 4 2 2
CV4/L 4 2
CVS/L 3

F. Discussion

The results of this experiment showed fairly
good agreement with the published data on
French, especially with respect to French syllable
duration ratios. The segment measurements will
be considered first and then the syllable
measurements.

The duration measurements for French nonfinal
/m/ and /a/ and for final /m/ tended to be roughly
20 ms longer than the durations found for the
same segments by other researchers (Di Cristo,
1980; O'Shaughnessy, 1984; Smith, 1977). This
discrepancy is most likely due to the fact that the
subjects in the present experiment spoke at a
slower rate in producing reiterant speech than the
subjects in the other studies, who read French
texts. The measurement for utterance-final /a/ was
roughly 10 ms longer than that of O’'Shaughnessy
(1984). The smaller discrepancy in final position is
probably due to the conservative segmentation
criterion adopted in the present study. Thus,
given the segment values of the present study, the
nasal consonant /m/ accounted for 47% of the
duration of nonfinal syllables, whereas for final
syllables, it accounted for 38%.

In general, nonfinal syllables were remarkably
close in duration (see Figure 1). The present data
did not show an initial syllable shortening as
compared to medial syllables, which disagrees
with Crompton’s (1980) finding of decreased
length for initial syllables. In fact, another
researcher (Vaissiére, 1983) has found growing
evidence in French of a tendency to stress word
initial syllables, and presumably to lengthen
them. Indeed, one of the subjects showed a regular
lengthening of initial syllables. Crompton (1980)
also found evidence for prenuclear lengthening, or
lengthening of a syllable just prior to a nuclear
stress. An analogous penultimate syllable
lengthening has been described by Smith (1977)
as characteristic of Parisian French (although
only one of Crompton’s four subjects was from
Paris, while the other three came from Brittany).
The present pooled data show no overall effect of
penultimate syllable lengthening, although data
from two of the speakers do show such an effect.

The ratio of final syllable to non-final syllable
length in the present data was 1.6, which agrees
exactly with Parmenter and Blanc’s measure of
1.6 (1933), with Benguerel's (1971) measure of 1.6,
and with Allen’s (1983) finding of an overall ratio
of 1.6 when he compared the median lengths of
final to penultimate vowels in French children’s
productions of French words. It does not match
Delattre’s (1966) measure of 1.8, perhaps because
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of differences in the criteria used for measuring
final syllable lengths.

In summary, our French timing data based on
reiterant speech productions of French words
spoken in isolation showed generally consistent
syllable durations for nonfinal syllables and a
ratio of final/nonfinal syllables of 1.6. Individual
subjects showed some slight lengthening of initial
or penultimate syllables, but no consistent
evidence for any shortening effects. Insofar as
intrasyliabic timing is concerned, in nonfinal
syllables, the nasal accounted for 47% of the
duration, and in final syllables, it accounted for
38%. How well then do non-native speakers of
French match these characteristic duration
patterns when they produce reiterant speech
versions of French words?

II. EXPERIMENT 2

A. Subjects. Ten subjects, five male and five
female, participated in the study. All of the
subjects except for one have advanced graduate
degrees. All are native speakers of English,
currently living in the Boston area, who have
studied standard French. Four of the subjects (two
men and two women, including the author) teach
French at the university level. One subject
learned French from his French wife, whom he
met after graduate school. The other subjects all
had some formal training in French; seven
subjects began the study of French in high school
and the remaining two in junior high school. The
four teachers of French and the other subjects,
with the exception of the subject who learned
French at home, averaged over two years of high
school French. The four French teachers, however,
studied French for four years in college, as
compared to an average of slightly over 1 1/2 years
in college for the others. The four French teachers
also completed postgraduate training in French
and had traveled more extensively in French-
speaking countries than had the other subjects.

B. Test materials. The same French deck of 3 x 5
cards used in the previous experiment was used in
this second study. An additional deck consisting of
the English cognates of the French words was also
used. The 30 English words consisted of two,
three, four or five syllables. There were ten
possible stress patterns represented. For words of
two syllables, both initial and final primary stress
patterns occurred (sacred and degree.) For words
of three syllables, initial, medial and final primary
stress patterns occurred (compliment, instructive,
and engineer). For words of four syllables, three of
the four possible primary stress patterns occurred

(commentary, economy, and exposition). For words
of five syllables, two possible patterns occurred
(electricity and communication). There were three
different words representing each of the syllable
and stress types.3 Although in general most of the
cognates had the same number of syllables in the
two languages, there were three items for which
the syllable count differed. (See the Appendix for a
complete list of the stimuli used).

C. Procedure. Subjects first filled out a short
questionnaire about their years of experience with
French and were then recorded in a quiet room,
onto a Teac tape recorder (model X-7MKII) using
a Realistic dynamic microphone (model 33-984A).
The rest of the procedure was the same as in the
previous experiment, except that subjects read
and produced reiterant versions the words of the
English deck first.

D. Equipment and measurement methods. All 30
French and 30 English words and their reiterant
vergsions were low-pass filtered at 4.9 kHz,
digitized at 10 kHz, and stored on disk on Haskins
Laboratories’ Vax 11/780. The same criteria used
in the previous experiment were used here to
determine the consonant and vowel boundaries
and the end of the reiterant speech utterance.

A random sample of fourteen reiterant
productions of English words containing 102
separate measurements were measured a second
time. The absolute duration measurements were
within 4 ms of the original measures on the
average overall, and within 9 ms on the average
for the fourteen final vowel measurements.

The errors from both sets of reiterant produc-
tions will be discussed first. The data from
Experiment 2 will then be presented as a set of
baseline measures for consonant, vowel, and syl-
lable timing for English words of various lengths
and stress patterns based on the productions of
the most consistent reiterant speakers. Third, the
English speakers’ reiterant versions of the French
words will be examined for patterns of intra- and
intersyllabic timing. Finally, the durations of the
productions of the French native speakers will be
statistically compared to those of the non-native
speakers, broken into two groups, the relatively
experienced teachers of French and the other, leas
experienced group of French learners.

As with the French subjects, measures of the
American subjects’ duration measurement vari-
ability in producing word types were used as an
indication of their ability to neutralize inherent
segmental length differences. Each reduplicative
version of a particular word of a given length and
stress pattern was considered a token of that
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word-length/stress-pattern type. The standard de-
viations for comparable measurements, e.g., first
syllable length, were calculated across tokens for
each subject for each of the ten word-
length/stress-pattern types and averaged.
Separate values were calculated for each of the
ten word-length/stress-pattern types because it is
generally more difficult to produce good reiterant
productions for longer utterances and because
variable word stress in English affects the dura-
tion of syllables in comparable positions. Finally,
an overall mean (measure A) and a standard devi-
ation (measure B) of each subject’s mean standard
deviations for the ten word-length/stress-pattern
types were calculated. For the English words, the
group mean on measure A was 18 ms with a group
mean on measure B of 17 ms. When the subjects
were rank ordered on these two measures, two
subjects, one male and one female, showed the
highest scores on both measures (for measure A,
their mean was 26 ms, with a mean of 24 ms for
measure B). The remaining eight subjects showed
a group mean of 17 ms on measure A and 15 ms
on measure B. In constructing the baseline mea-
sures for timing for the English words, only the
data from the eight most consistent subjects were
included.

E. Results

The American subjects made relatively few
errors in their reiterant versions of the English
words. The twelve errors across the eight most
consistent subjects gave an error rate of 5%, with
most errors due to a subject’s producing an
incorrect number of syllables for one of the longer
words or to a subject’s clearly stressing the wrong
syllable in the reiterant production. There were
only two missing tokens (.8%). The American
subjects made many more errors in their reiterant
versions of the French words. There were twenty-
nine such errors (12%) across the eight subjects.
Twenty-four of those errors (83% of the total),
were words ending in “ion” or containing the vowel
sequence “ié” as in “société,” which the French
count as a single syllable, but which many of the
Americans counted as two. There was only one
missing token (.4%).

Figure 2 presents the averaged durational
measurements of the eight American speakers for
each of the ten word types as a function of the
consonants (/m/) and vowels (/a/). For initial
stressed syllables,* /m/ averaged 56 ms and /a/ 92
ms, for medial stressed syllables, /m/ averaged 79
ms and /a/ 108 ms, for final stressed syllables, /m/
averaged 82 ms and /a/ 255 ms. For unstressed

syllables, /m/ averaged 45 ms and /a/ 70 ms in
initial syllables, /m/ was 65 ms and /a/ was 76 ms
in medial syllables, and /m/ was 79 ms and /a/ was
155 ms in fina) syllables. The mean duration of
syllables bearing primary stressb were 160 ms in
initial position, 190 ms medially, and 336 ms
finally. Syllables with secondary stress averaged
137 ms initially and 168 medially. Syllables that
were not stressed averaged 113 ms initially, 138
ms medially and 233 ms finally.

Table 2 shows the overall mean length for each
word type, the consonant/vowel ratios for each
syllable and the ratios of each of the individual
syllables to the length of the word.

Figure 3 shows the mean durational measure-
ments for the reiterant versions of the syllables of
each of the four French word-length types, as pro-
duced by the native speakers of English, in terms
of consonants (/m/) and vowels (/a/). The mean du-
ration of /m/ in nonfinal syllables was 73 ms, of /m/
in final syllables was 95 ms, of /a/ in nonfinal syl-
lables was 85 ms, and of /a/ in final syllables was
235 ms. Nonfinal syllables thus averaged 157 ms,
whereas final syllables averaged 330 ms. The dif-
ference in syllable length averaged over 170 ms
and produced a final/nonfinal ratio of 2.1.

The results of a two-way analysis of variance
comparing the subjects’ mean nonfinal and final
syllable lengths for the four word-length types
showed a highly significant effect of syllable posi-
tion [F(1,9)=182.22, p < 0.0000], but no word-
length type and no word-length type by syllable
position interaction. Separate analyses comparing
subjects’ mean nonfinal syllable lengths for each of
the four word-length types were also not
significant.6

Table 3 shows the mean length of each of the
word-length types and the ratio of the mean
length of the consonant to that of the vowel in
each syllable. The overall mean C/V ratio was .9
for nonfinal syllables, which was comparable to
that of the French subjects, but the overall mean
C/V was .45 for final syllables, which was different
from that of the French subjects.

In order to test how well the American subjects
conformed to the French baseline measures for
timing for nonfinal and final syliables in their
reiterant productions of French words, their
timing measures were subjected to an analysis of
variance with one between group factor with three
levels (native French versus teachers of French
versus English speakers) and two within group
factors (syllable position [nonfinal versus final]
and segment duration [consonant versus vowel

length)).
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Figure 2. Consonant and vowel durations, as a function of word length, syllable position, and stress, for reiterant
imitations of English words spoken in isolation by native speakers of English. (Numbers indicate syllable position, S
indicates stressed syllables, and W indicates unstressed syllables or those bearing secondary stress).

Table 2. Mean word lengths (in ms) and C/V and CV/Length ratios in reiterant speech productions of English words
by native speakers of English .

Word Length in Sylisbles
Two Three Four Five
Stress Type 1 2 3 4 5 6 7 8 9 10
Mean Word Length 408.0 457.1 5524 5425 6244 663.0 6513 7033 8257 8615
Ratios
Civi 5 6 6 6 7 7 6 6 6 7
C2/V2 S 3 9 7 9 8 8 9 8 9
C3/v3 S 6 4 9 8 g 8 8
C4/vV4 8 5 S5 8 7
C5/VS 6 S
Ratios
CVI/L 4 2 3 2 2 2 2 2 1 1
CVv2L 6 8 3 A 2 2 3 2 2 2
CV3/L S5 4 ] 3 2 3 2 2
CV4/L 3 4 3 2 2
CVS/L 3 3

Tokens of types: i=counter; 2=control; 3=compliment; 4=conclusion; S=engineer; 6acommeantary; 7=economy; 8=exposition;
9=elasticity; 10=communication.
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Figure 3. Consonant and vowel durations, as a function of word length, syllable position, and stress, for reiterant
Fren-h words spoken in isolation by non-native speakers. (Numbers indicate syllable position, S indicates stressed

syllables, and W indicates unstressed syllables).

Table 3. Mean word lengths (in ms) and C/V and
CV/Length ratios in reiterant speech productions of
French words by native speakers of English.

Word Length in Syllables

Two Three Four Five
Meaa Word Length 5005 656.1 786.1 943.6

R dos
Cl/v1 7 8 1.0 1.0
C2V2 4 Yy 1.0 9
C3/v3 4 8 1.0
C4/V4 S 9
CS5/VSs 5
Ratios
CVI/L 3 2 2 2
CV2L 7 3 2 2
CVi3/L 5 2 2
CVv4/L 4 2
CVS/L 2

Although there was no significant main effect of
group, there was a significant effect of syllable po-

sition [F(1,17)=417.87, p < 0.0000] and of segment
duration [F(1,17)=121.42, p < 0.0000], and both of
these effects interacted significantly with the
group factor [F(2,17)=15.41, p < 0.0003], in the
case of syllable position, and [F(2,17)=8.28, p <
.0032], in the case of consonant versus vowel
length. There was also a significant two-way
interaction of syllable position and segment
duration [F(1,17)=145.20, p < 0.0000] that also
interacted significantly with the group factor
[F(2,17)=10.88, p < 0.001]. Figure 4 shows the
pattern of results for the three groups.

An exploration of the group interactions with
syllable position and consonant versus vowel
revealed that the source of the interactions was
the differences in final syllable length among the
three groupe, in particular due to differences in
the vowel length, as can be seen in Figure 4. A
separate analysis of variance conducted on final
syllable vowel length was significant [F(2,17)
=7.65, p < .0044]. Post hoc (Newman-Keuls) tests
revealed that in terms of final vowel length, the
productions of the native speakers of French and
the French teachers did not differ from one
another but the productions of both groups
differed from those of the other native English

speakers (p<.05).
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Figure 4. Mean consonant and vowel length for final and nonfinal syllables for French native speakers, experienced
learners of French (French Teachers), and relatively inexperienced learners of French (English Subjects).

F. Discussion

The American subjects’ productions of the
English segment and syllable durations will first
be discussed, followed by an examination of the
ways in which their reiterant productions of the
French words deviate from the French baseline
measures. Finally the possible effects of English
timing patterns on the French productions will be
considered.

In the English reiterant speech, the nasal mur-
mur accounted for 38% of the syllable in stressed
initial syllables, 42% in stressed medial syllables
and 24% in stressed final syllables. For unstressed
syllables the percentages were 39% initially, 45%
medially and 34% finally. These percentages
clearly differ from those found in French in
Experiment 1, which suggests that the intrasyl-
labic timing is not the same in the two languages.

There was also clearly an effect of utterance-
final lengthening carried largely by the vowel in
the English data. For stressed syllables,
lengthening for final vowels was roughly 150 ms
and for unstressed syllables it was roughly 75 ms.
These durational lengthenings are comparable to
those found by Oller (1973).7

Insofar as the syllable measurements are
concerned, the present data showed clear effects
both of stress and of utterance-final lengthening.
There alsv appeared to be increments due to
secondary stress, although Nakatani et al. found
only marginal increases in length for such
syllables and only for some speakers. The ratio of

final/nonfinal syllables was 1.7, which is greater
than the 1.5 found by Delattre (1966), but which
may be due to the unusually short initial syllables
found in this study. Indeed, if initial syllables are
eliminated from consideration, the ratio becomes
1.6, which is closer to Delattre’s measure. The
ratio of accented to unaccented syllables was 1.43
in initial syllables, 1.38 in medial syllables and
1.44 in final syllables. These ratios, which do not
include the somewhat problematic syllables that
bear secondary stress, correspond fairly well to
Hoequist's measure of 1.45, although they are
lower than the measure given by Delattre (1966)
of 1.7. Hoequist’s (1983) suggestion that Delattre's
higher ratio is due to the inclusion in the
unstressed group of very short /o/ syllables, which
are generally not found in reiterant speech, seems
quite reasonable.

As can be seen in Figure 4, for the reiterant
versions of the French words, there was little
difference in the consonant and vowel lengths in
nonfinal syllables for the three groups. Thus, the
percentage represented by the nasal in nonfinal
syllables was 47% for the native speakers of
French, 49% for the American teachers of French,
and 44% for the less expenenced French speakers.
There was also little difference in the mean length
of /m/ in final syllables for the three groups of
subjects. The striking difference in the reiterant
productions of the three groups occurs in the
length of utterance-final /a/ which was 171 ms for
the French natives, 199 ms for the French
teachers, and 260 ms for the less experienced
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group. Thus, the nasal consonant accounts for 38%
of the final syllable for French natives, 33% for
French teachers, and only 26% for the less
experienced group. Intrasyllabic timing appears to
be more native-like in nonfinal than in final
syllables. The ratio of final to nonfinal syllables
was 1.6 for the French natives, 1.9 for the French
teachers, and 2.2 for the others. Although the
reiterant productions of the American teachers of
French were not significantly different from those
of the French natives, in almost all cases, the
teachers’ productions, while close to those of the
French natives, fall between that group and the
other group of native speakers of English.

Surprisingly, the Americans had a durational
pattern in their reiterant versions of English
words that turned out to be very close to the
French timing pattern. Thus, the average
duration of the first syllable in two syllable words
with stress on the first syllable (see Figure 2) was
173 ms while the final syllable was 236 ms on the
average, which is comparable to the French
natives’ 176 ms average length for nonfinal
syllables and 274 ms average length for final
syllables. Yet many of the Americans who were
less experienced in French seemed to match the
durational pattern of the final syllable of French
words uttered in isolation (353 ms) by patterning
it after the duration of their own stressed syllables
in final position (336 ms) whereas the teachers of
French achieved a closer match to the French
baseline measure (296 ms).

Insofar as the nonfinal syllables are concerned,
all the Americans showed that they can generally
produce syllables of quite equal length (see Figure
3), and there was no indication in their reiterant
versions of French of the systematic initial
syliable shortening that was found with the same
subjects in the English reiterant productions,
although some individual subjects continued to
show such a pattern.

Thus, the American teachers of French produced
reiterant timing patterns that, while not identical
to those of the native French speakers, did not
differ significantly from them. On the other hand,
the American teachers of French and the French
natives both produced final vowel timing patterns
that were significantly different from those of the
other Americans.

G. General Discussion

There is a growing body of acoustic-phonetic
literature that suggests that the non-native
productions of late second language learners are
influenced, sometimes in subtle ways, by their

native language speech patterns (see Flege, 1986,
for a review). Most of the research has focused on
the analysis of the phonetic characteristics of
bilingual speech. Thus the influence of native
language phonetic habits has been demonstrated
for voice onset time (VOT) in stop consonants for
English/French bilinguals (Flege & Hillenbrand,
1984) and for Arabic/English bilinguals (Flege &
Port, 1981), because bilinguals show a range of
VOT values when speaking their second language
that are intermediate between the values
produced by monolingual native speakers of the
two languages. Native language influences have
also been shown for English vowel durations that
depend on the voicing of the final consonant,
because French/English bilinguals showed vowel
durations, when speaking English, that were
closer to those of French monolinguals (which
vary less with respect to the voicing of a syllable-
final consonant) than to those of English-speaking
monolinguals (Mack, 1982).

A similar effect of the rhythmic pattern of the
native language on the acquisition of the rhythmic
patterns of English by native speakers of French
has been found by Wenk (1985) who has described
his subjects as passing through a transitional
“interlanguage” phase, characterized by features
of both language systems. Intermediate-level
speakers of French who were learning English
apparently mastered post-tonic reduced vowels (as
in matter) before pre-tonic reduced vowels (as in
Japan), when their productions of such words was
judged by native speakers of English. In the
present study, native speakers of English who
have studied French appear to master the
relatively equal durations of nonfinal syllables in
French before they master the appropriate French
final syllable length, because both groups of
American subjects produced essentially equal
nonfinal reiterant syllables in French, but only the
more experienced group of American subjects, the
teachers of French, also produced French-like final
syllables. Flege (e.g., Flege, 1981; Flege 1987;
Flege & Hillenbrand, 1984) has hypothesized that
second language learners may acquire more rapid,
accurate pronunciation of a sound that is totally
foreign to their native repertoire, because they are
unable to assimilate it to one of their native
phonemes. Equally-timed nonfinal syllables are
not typical of English words, whereas final-
syllable stress does occur. Perhaps native
speakers of English who learn French are more
successful in producing essentially equal nonfinal
syllables in their reiterant versions of French than
in producing the correct final-syllable lengthening,
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because the former pattern is more foreign to their
native repertoire.

Many have argued that language learners who
begin their study of a second language relatively
late fail to master fully the phonetic details of that
second language because of biological limitations
imposed by a critical or sensitive period for speech
acquisition (Lenneberg, 1967; Long, 1990; Oyama,
1979; Scovel, 1988). The notion of a critical period
for language acquisition is a strong one and
describes a period that is genetically determined,
clearly delimited, and not susceptible to the
influence of the environment. The notion of 8
sensitive period for language acquisition, on the
other hand, while still a maturational effect, is
subject to greater variability, including a less
clearly delimited time-frame. Although for some
researchers in the field, the onset of adolescence
(roughly twelve years of age) was seen as the point
after which second language learners were likely
to speak their non-native language with a notable
foreign accent, others have pushed for acquisition
of a foreign accent to six, at least for some
individuals (see Long, 1990, for a review). Indeed,
Long (1990) has written:

Thus, while somewhat weaker than the claim for a
critical period for first language learning, the claim
for a sensitive period for second language
acquisition is still a strong and interesting one. The
maturational processes underlying it are held to be
universal. Hence, learners who begin a second
language after its supposed closure (which will bere
be claimed to be as early as age 6 for phonology in
many individuals and around 15 for morphology and
syntax), and who nevertheless attain native-like
ability in those areas, will falsify the hypothesis
(p. 253).

However, all of the native speakers of English in
the present study were late learners of French
(beginning in junior high school at the earliest),
yet the more experienced group of learners
(American teachers of French) produced timing
patterns that were not significantly different from
those of the native French speakers.

Two possible explanations for this pattern of
results can be suggested. Either the acquisition of
second-language rhythm patterns is exempt from
the sensitive period constraint or factors such as
length of exposure, training, language aptitude, or
motivation may play an important role. Whereas
there has been little empirical investigation of the
first hypothesis, the role of experience and
training has been supported by a number of
studies. For example, Wenk (1985) found that his
advanced French students of English, unlike those

at the intermediate level, had mastered the vowel
reduction patterns associated with English word
stress. Similarly, Flege and Eefting (1987) found
that Dutch speakers of English who majored in
the subject were judged to have significantly
better pronunciation scores than Dutch students
of English who studied to become engineers,
although both groups’ productions were judged to
be significantly different from those of native
English speakers. As in the present study,
however, experience may have been confounded
with aptitude. The English majors, like the
university-level teachers of French in the present
study, were more experienced second-language
learners, but they also probably had greater
aptitude for second-language learning. In fact,
aptitude rather than experience may be the source
of the performance of the group of French
teachers. However, in either case, if good reasons
for exempting the acquisition of second-language
rhythm patterns from the sensitive period
constraint are not found, then these results call
into question the notion of a sensitive period as
currently formulated.

Future research needs to compare directly
second-language segmental and rhythmic
learning, to see if rhythmic patterns are easier to
acquire, and to determine the relative
contribution of rhythmic and phonetic factors to
the detection of non-native pronunciation.
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FOOTNOTES

*Journal of the Acoustical Society of America, 90(6), 3008-3018 (1991).

T Also Wellesley College.

1 All ratios reported in the paper are to 1.

2Results of these analyses of variance were essentially the same,
even when all ten original subjects were ircluded. The only
significant effect was that of syllable position {F(1,9)=121.16, p<
.0000]. None of the other effects were significant.

3In the case of five-syllable words, there were actually four words
representing one of the five-syllable word types and two words
representing the other.)

4For comparability with Oller (1973) secondary stress syllables
were grouped with unstressed syllables.

5The syllables were here divided into those with primary,

and no stress for comparability with Nakatani et al.

(1981). The two initial syllables of the second set of five syllable
words had complementary stress patterns (one of the words had
a secondary stress where the other had no stress and vice versa),
so the averaged durations of those syllables were excluded from
these calculations.

5The results of this analysis and all subsequent analyses include
all of the original subjects from both groups. Similar analyses
including only the subjects who produced the most consistent
reiterant speech produced essentially the same resuits.

7However, the present data exhibit a consistent effect of initial
syllable shortening (see Figure 2), which disagrees with findings
by Oller (1973), Klatt (1976) and Nakatani et al. (1981). The most
likely explanation for this discrepancy is that the reiterant
productions in this study were produced as citation forms,
rather than in a sentence frame. The present study used citation
forms in order to reduce the number of syllables that subjects
needed to remember for the reiterant production of individual
words (but cf. Nakatani et al., 1981 for a different method). It
may be the case that the sentence frame gives extra prominence
to the word to be imitated and that such prominence results in
the pattern of word-initial syllable length found in the other
studies.
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French Words

Two syllables

Three syllables

Four syllables

Five syllables

comptoir
sacré
progrés
contrdle
surprise
degré

compliment
instrument
solitude
ingénieur
indiscret
japonais
conclusion
instructif
solution
commentaire
légendaire
société

télévision

économie
publicité
exposition
population
satisfaction

automatiquemen

élasticité
électricité
possibilité

communication

civilisation

APPENDIX

English Words (Stress Pattern)

counter (SW)

compliment (SWW)
instrument (SWW)
solitude (SWW)
engineer (WWS)
indiscrete (WWS)
japanese (WWS)
conclusion (WSW)
instructive (WSW)
solution (WSW)

commentary (SWWW)
legendary (SWWW)
television (SWWW)
society (WSWW)
economy (WSWW)
publicity (WSWW)
exposition (WWSW)
population (WWSW)
satisfaction (WWSW)

automatically (WWSWW)
elasticity (WWSWW)
electricity (WWSWW)
possibility (WWSWW)
communication (WWWSW)
civilization (WWWSW)

(S=primary stress, W=secondary stress or no stress)
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Syllable-internal Structure and the Sonority Hierarchy:

Differential Evidence from Lexical Decision,
Naming, and Reading*

Andrea Levitt,T Alice F. Healy,Tt and David W. Fendrichitt

Treiman (e.g., 1983) and others have argued that spoken syllables are best characterized,
not as linear strings of phonemes, but as hierarchically organized units consisting of an
onset (initial consonant or consonant cluster) and a rime (the vowel and any following
consonants) and that the rime is further divided into a peak or nucleus (the vowe!) and a
coda (the final consonants). It has also been argued that the sonority (or vowel-likeness) of
the consonant closest to the peak, which is a function of its phonetic class, may have an
effect on the strength of boundaries determined by the hierarchical division of the syllable
(e.g., Treiman, 1984). We examined the evidence for syllable-internal structure and for
sonority in two experiments that employed visually presented stimuli and lexical decision,
naming, and reading tasks. Our results provide support for the breakdown of the rime into
a peak and a coda and for an effect of the sonority of the postvocalic consonant on that
break. This pattern occurred only in our lexical decision tasks, so the effect is assumed to
be postiexical. We did not find an effect of the onset-rime boundary, perhaps because of an
unanticipated effect of word frequency. Our results are discussed in terms of phonological

coding in short-term memory.

Recent psycholinguistic evidence has suggested
that English syllables are organized hierarchi-
cally, divided first into an onset (consisting of the
initial consonant or consonant cluster) and a rime
(consisting of the following vowel and any addi-
tional consonants), with the rime further divided
into a peak or nucleus (consisting of the vowel)
and a coda (consisting of the remaining conso-
nants).l For example, Cooper, Whalen, and Fowler
(1986) have shown that the P-center (moment of
perceptual occurrence) of a syllable depends on
the duration, though not the number, of syllable
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initial consonants (the onset) and, in a later study,
to a lesser extent on the rime (Cooper, Whalen, &
Fowler, 1988). This division of the syllable into an
onset and rime is particularly well supported by a
number of studies by Treiman (1983, 1986), who
taught subjects novel word games in which they
were required to recombine components from
pairs of nonsense syllables or words, and found
that they were more likely to divide those
syllables between the onset and rime than
elsewhere in order to complete the tasks. More
recently, Treiman and Chafetz (1987) have
demonstrated evidence for the onset/rime break in
printed words, using both an anagram and a
lexical decision task. In the first case, they found
that subjects were better able to recognize a word
like twist when it was divided TW IST (at the
onset/rime boundary) than when it was divided
TWI ST (between the peak and the coda). In the
second case, subjects responded more quickly in a
lexical decision task when the test item contained
slashes after the onset (CR/ISP) than after the
vowel (CRL//SP).
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The evidence in support of dividing the rime into
a nucleus and a coda is perhaps somewhat less
compelling. Treiman (1983), using novel word
games, found only weak support for the nu-
cleus/coda division and suggested that the division
might depend on the phonetic makeup of the final
consonant cluster. Indeed, when she systemati-
cally varied the sonority (or vowel-likeness) of the
consonant following the vowel in VCC syllables
{Treiman, 1984), she found that subjects in a word
game task tended to view liquid consonants,
which are quite vowel-like, as belonging to the nu-
cleus or peak, obstruents, which are not at all
vowel-like, as belonging to the final consonant
cluster or coda, and nasals, which are intermedi-
ate in terms of sonority, as showing an equal
affinity to both the nucleus and the coda. Derwing,
Nearey, and Dow (1987) obtained similar results.
These findings are largely in agreement with the
proposals of MacKay (1972) and Stemberger
(1983) that liquids following the vowel be assigned
to the nucleus rather than the coda. The findings
also agree with the sonority hierarchy proposed
for syllables (e.g., Hooper, 1976), which suggests
that syllable peaks are peaks of sonority, that con-
sonant classes vary with respect to their degree of
sonority, or vowel-likeness, and that segments on
either side of the peak show a decrease in sonority
with respect to the peak.

However, the evidence connecting the ease of
the onset-nucleus break to the sonority of the
prevocalic consonants has been less consistent.
Treiman (1986) found that there was no effect of
the phonetic category of the prevocalic consonant
on the onset-rime division (suggesting that onsets
consisting of more than one consonant remain
cohesive), while Derwing et al. (1987) did find
such an effect of the phonetic category of the
prevocalic consonant.

Most of the evidence for the hierarchical division
of the syllable into an onset and rime, and possi-
bly into a nucieus and coda, comes from studies
that present stimuli auditorily and require sub-
Jects to focus closely on the phonological structure
of the stimuli in order to play novel word games or
perform segment interchanges. The literature on
reading is divided as to whether the phonological
code of a visual stimulus is obligatorily accessed
(see, e.g., Van Orden (in press)) or whether it is
accessed only under certain circumstances (e.g.,
McCusker, Hillinger, and Bias (1981)). One study
that used visual stimuli and looked for evidence of
the hierarchical division of the syllable was done
by Treiman and Chafetz (1987). As mentioned
above, they required subjects to perform either an

anagram or a lexical decision task on visually pre-
sented stimuli, however, they only compared
subjects’ responses to stimuli with breaks between
the onset and the rime with their responses to
stimuli with breaks following the nucleus. They
did not examine the effects of breaks within initial
and final consonant clusteis as compared to the
two breaks mentioned above, nor did they investi-
gate, in this study, the effect of sonority on the
strength of these divisions. As a result of her
numerous studies, Treiman (1986) has suggested
that the intrasyllabic organization of the syllable
should be recognized in theories of speech
perception and production as well as in theories of
reading.

Research that has compared the results of
lexical decision and word naming tasks (e.g.,
Seidenberg, Waters, Sanders, & Langer, 1984)
suggests that certain effects may be postlexical,
i.e., a result of processing that occurs after lexical
access. Thus, such effects emerge only in lexical
decision and not in naming tasks, since naming
typically takes less time and is thus believed to
involve less postlexical processing. It is often
assumed, however, that naming a visually
presented word requires accessing its phonological
code (e.g., Seidenberg, 1985). Silent reading of
visually presented stimuli is anoth. . task that has
been shown to be sensitive to semantic and
phonological priming (McNamara & Healy, 1988),
while also presumably requiring less postlexical
processing. It would be of interest, therefore, to
see whether evidence for the hierarchical
structure of the syllable can be found in each of
these three tasks.

The present experiments are thus designed (a)
to replicate Treiman’'s (1984) finding that the
break between the nucleus and coda varies as a
function of the phonetic class (liquid, nasal, or ob-
struent) of the postvocalic consonant, with postvo-
calic liquids showing the greatest cohesion to the
nucleus and obstruents showing the least, (b) to
test for a similar effect of the phonetic class of the
prevocalic consonant on the break between the on-
set and the rime, and (c) to determine whether
any evidence for such breaks is pre- or postlexical
in origin by comparing the results of lexical deci-
sion tests with those of naming and reading.

EXPERIMENT 1

Subjects responded orally to visually presented
stimuli, including both words and nonwords, all of
which were monosyllabic and five letters long.
Each visually presented stimulus could be
interrupted at one of six possible locations by an
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asterisk. One group of subjects performed a lexical
decision task while a second group named each of
the items out loud.

Method

Stimuli. Two se*s of test items were constructed,
one to examine the effect of the composition of
initial consonant clusters on the cohesion of the
onset-rime boundary of the syllable and another to
examine the effect of the composition of final clus-
ters on the cohesion of the rime-internal nucleus-
coda boundary. All test items were single sylla-
bles, contained five letters, and, with the exception
of some of the onset-rime test items, described
below, all had a C1C2VC3C4 phonemic structure.

In the case of the onset-rime test words, C9 was
either a liquid (twelve items), a nasal (six items)
or an obstruent (six items).2 There were twelve
additional five-letter words with no initial
consonant cluster, but with an initial single
phoneme, e.g., ///, which is normally represented
by two letters, “sh.” Nine of these items had a
C1VC2C3 phonemic structure, and three had a
C1VC2 structure. All were five letters long. All
words were also low frequency, with the mean
frequency for the liquid items 7.3 (Kucera &
Francis, 1967), for nasal items 9.8, for obstruent
items 6.8, and for single-phoneme items 7.8. The
corresponding onset-rime nonword test items were
constructed by switching the vowel and final
consonants of one item with the vowel and final
consonant of another item from the same series, so
that two nonwords were created (e.g., craft and
flint giving flaft and crint).

In the case of the nucleus-coda test words, there
were twelve words each for which C3 was a liquid,
a nasal, or an obstruent. The corresponding
nucleus-coda nonword test items were constructed
as above (e.g., blunt and swamp yielding swunt
and blamp). The mean frequency for the liquid
items was 9.8, for the nasal items 9.1, and for the
obstruent items 9.8.

Each word and nonword (see Appendix for the
complete list) could appear with an asterisk in one
of three positions. For the onset-rime test items,
the asterisk could appear before the word
(Position 1), after the first letter (Position 2), or
between the second letter and the vowel (Position
3), e.g., *CRAFT, C*RAFT or CR*AFT. For the
nucleus-coda test items, the asterisk could appear
after the vowel (Position 4), after the third
consonant (Position 5), or after the word (Position
6), e.g., BLU*NT, BLUN*T, BLUNT*. Positions 1
and 6 are control positions because the asterisk
does not interrupt either the initial or the final
consonant cluster,

Three lists of 144 test items were prepared.
Each word and nonword appeared only once on
each list.4 The order of presentation was pseudo-
random with the following constraints: In every
twelve items there was an equal number of onset-
rime and nucleus-coda test words and nonwords
and an equal number of asterisks at each of the
six positions. For the nucleus-coda test items, in
every group of twelve, there were two stimuli with
a liquid, nasal, or obstruent as the C3 phoneme.
For the onset-rime items, in the same group of
twelve, there were two stimuli with a liquid as the
C2 phoneme, two stimuli with a single initial con-
sonant, and either two stimuli with a nasal as the
C2 phoneme or two stimuli with an obstruent as
the C2 stimuli. The three lists differed only as to
the location of the asterisks with each one of three
possible asterisk locations occurring once across
lists for every stimulus.

Procedure. Subjects were told that strings of let-
ters would appear on the computer screen in front
of them. Subjects in the lexical decision condition
were to say “yes” if the string was a word and “no”
if it was not. Subjects in the naming cc dition
were to read the word or nonword out loud. A
voice key was used to record subjects’ response
times. The experimenter first made sure that the
key was responding properly to the level of the
subject’s voice, and the subject was instructed not
to make inadvertent noises, as the key was quite
sensitive. Subjects’ responses were recorded on
cassette tapes. The experimenter noted all errors
in both conditions, so that the responses to those
items would be excluded from analysis.

Subjects. Twenty-four Wellesley College
undergraduates were paid for their participation
in the experiment and were assigned to conditions
by order of arrival, according to a fixed rotation.

Results

The onset-rime and nucleus-coda words repre-
sented different sets of words6 and therefore each
set of items was analyzed separately. All response
latencies were reciprocally converted to speeds for
the analyses,6 but the resulting mean speeds were
converted back to latencies for reporting in the
text and in the figures. Two sets of analyses were
performed, one on the latencies for correct re-
sponses and another on the error proportions. A
response was considered an error in the naming
task if a subject failed to respond or if the re-
sponse was incorrect. Items were not treated as a
random effect because the stimuli were not ran-
domly selected (Wike & Church, 1976).

We need to obtain an effect of asterisk position
in order to demonstrate syllable-internal structure
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and an interaction of asterisk position with cluster
composition in order to demonstrate an effect of
the sonority hierarchy on syllable-internal
cohesiveness.

Onset-rime words. For the onset-rime test
words, the analyses included one between-subjects
factor, response condition (lexical decision or
naming) and two within-subjects factors, onset
composition (C2 either an obstruent, liquid, nasal,
or the second grapheme of a single phoneme) and
asterisk position [immediately preceding the word
(Position 1) or following the first (Position 2) or
second (Position 3) letter]. In these analyses we
did not find the anticipated asterisk position effect
nor the anticipated asterisk position by onset
composition interaction. However, we did find
some interesting effects of response condition and
onset composition.

As would be expected if, indeed, the lexical
decision task requires additional postlexical
processing, the mean latency for naming (673 ms)
was faster than that for lexical decision (831 ms).
Likewise, the error proportions were higher for
lexical decision (.092) than for naming { 942)
In the overall analysis of response lateucv ¢ -
onset-nme words, there was a significant icuiz
effect of response condition (lexical decision vs.
naming), F(1,22)=12.37, p =.0022, MSe=5.7176.
The effect of response condition was also
significant in the error analysis, F(1,22)=8.36, p
=.0083, MSe=.1824.

Although the differences in frequency were
small among the words comprising the different
onset composition groups, the differences in fre-
quency seem to have produced corresponding dif-
ferences in both mean latencies and error propor-
tions. Recall that the mean frequency for nasals
was 9.8, for one-phoneme items 7.8, for liquids 7.3,
and for obstruents 6.8. Correspondingly, the mean
latencies for nasal test items (722 ms),one-
phoneme items (729 ms), liquids (734 ms), and ob-
struents (796 ms) increased as the items became
less frequent, as did the error proportions, with
one small reversal (nasal=.028, one-
phoneme=.067, liquid=.061, obstruent=.111). In
the latency analysis, there was a significant main
effect of onset composition, F(3,66)=6.26, p=.0011,
MSe = .2513, which was also significant in the
error analysis, F(3,66)=4.33, p =.0077, MSe=.0844.

The effect of onset composition, which presum-
ably reflected the frequency of the words for each
of the onset composition types, was evident for the
lexical decision task but not for the naming task.
As was the case for the combined data, for the
data from the lexical decision task, latencies in-

creased as word frequency declined, and error
proportions also increased, with one small rever-
sal. The latencies and error proportions in the
lexical decision task were 766 ms and .042 for
nasals, 808 ms and .093 for one phoneme, 844 ms
and .081 for liquids, and 923 ms and .153 for ob-
struents. There was a significant interaction of
onset composition with response condition,
F(3,66)=3.61, p=.0174, MSe=.1449, in the latency
analysis, but not in the error analysis. In a sepa-
rate planned analysis of the lexical decision laten-
cies, done to investigate the source of this interac-
tion, there was a significant effect of onset compo-
sition, F(3,33)=6.85, p =.0013, MSe=.3114, which
was marginally significant as well in an error
analysis of the lexical decision task, F(3,33)=2.57,
p =.0699, MSe=.0762. There were no significant ef-
fects in either the latency or the error analysis of
the naming data, so this pattern seems limited to
the lexical decision data (see Figure 1).

Nucleus-coda words. For the nucleus-coda test
words, the analyses included one between-subjects
factor, response condition (lexical decision or
naming) and two within-subjects factors, coda
composition (Cg either an obstruent, liquid, or
nasal) and asterisk position [immediately
following the vowel (Position 4) or following C3
(Position 5) or C4 (Position 6)].

As found for the onset-rime words and as ex-
pected under the assumption that the lexical de-
cision task requires more (postlexical) processing
than does the naming task, the mean latency for
lexical decision (830 ms) was longer than for
naming (657 ms). Likewise, the mean error pro-
portion for lexical decision was higher (.103) than
for naming (.029). In the analysis of the nucleus-
coda test items, there was 8 significant effect of
response condition, lexical decision vs. naming,
F(1,22)=15.26, p =.0010, MSe=5.3887. This effect
was also significant in the overall error analysis,
F(1,22)=22.78, p=.0002, MSe=.3025.

Just as there was an effect of onset composition
for the onset-rime words, there was an effect of
coda composition for the nucleus-coda words.
However, the effect in this case was only evident
for latencies, not errors, and did not reflect differ-
ences in word frequency, which were minimal. The
overall latency (combining data from the lexical
decision and naming tasks) to C3 obstruents (708
ms) was shorter than to nasals (723 ms), which
were in turn shorter than to liquids (775 ms). (See
Figure 2.) There was a significant main effect in
the latency data of the coda composition,
F(2,44)=16.66, p<.0001, MSe=.2914, not
significant in the error analysis.
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Figure 1. The results of the onset-rime test words in Experiment 1 as a function of the phonetic class of C2 and of
asterisk position. The asterisk appears before the word at Position 1, after the first letter at Positi~n 2, and between the
first and second letter at Position 3. Panels (2) and (b) are for the lexical decision task; panels ad (d) are for the
naming task. The latency analysis is shown in panels (a) and (c); the error analysis is shown in pa. . (b) and (d).
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Figure 2. The results of the nucleus-coda test words in Experiment 1 as a function of the phonetic class of C3 and of
asterisk position. The asterisk appears after the vowel at Position 4, between the 1ast two letters at Position 5, and after
the word at Position 6. Panels (a) and (b) are for the lexical decision task; panels (c) and (d) are for the naming task.
The latency analysis is shown in panels (a) and (c); the error analysis is shown in panels (b) and (d).
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None of the remaining effects in the latency
analysis were significant. Most crucially, there
was no effect of asterisk position or interaction of
asterisk position and coda composition. There
were, however, several other interesting effects in
the error analysis, and the expected effect of
asterisk position and the expected interaction of
asterisk position and coda composition were
evident for the lexical decision task, but not for
the naming task. (See Figure 2.) Overall error
proportions in Position 5 (.110) were higher than
in Position 4 (.057) or in Position 6 (.031).
Whereas the most errors occurred in Position 5
overall and for all coda compositions with the
lexical decision data, with the naming data the
most errors occurred in Position 6 for the
obstruents, in Position 5 for the nasals, and in
Position 4 for the liquids. (See Figure 2.) The
main effect of asterisk position was significant
in the error analysis, F(2,44)=10.42, p =.0004,
MSe=.1161. There was also an asterisk position by
response condition interaction, F(2,44)=10.57,
p =.0004, MSe=.1178, and a three-way interaction
of asterisk position by response condition by coda
composition, F(4,88)=2.92, p =.0253, MSe=.0362.

As with the onset-rime words, planned analyses
were conducted on the data with the nucleus-coda
words separately for the lexical decision and
naming tasks. For the lexical decision latencies, as
for the combined latencies, there was an effect of
coda composition, with latencies to items in which
C3 was an obstruent shorter (799 ms) than those
in which C3 was a nasal (828 ms), which were in
turn shorter than those in which C3 was a liquid
(866 ms). There was a significant main effect of
coda composition in the analysis of the lexical
decision latencies, F(2,22)=5.44, p =.0120,
MSe=.0841.

For the lexical decision errors, as for the
combined errors, there was an effect of asterisk
position, with the most errors (.19) occurring when
the asterisk appeared between C3 and C4 in
Position 5, next most (.08) when the asterisk
appeared between the vowel and C3 in Position 4,
and fewest (.04) when the asterisk appeared at the
end of the word in Position 6. However, as
anticipated, the effect of asterisk position
depended on coda composition to some extent. As
can be seen in Figure 2, obstruents and, to a lesser
extent, nasals showed a dramatic increase in the
proportion of errors when the asterisk intervened
at Position 5 between C3 and C4, but the increase
in errors for liquid items with an asterisk at
Position 5 was less pronounced. There was a
significant main effect of asterisk position in the

error analysis of the lexical decision task,
F(2,22)=14.50, p =.0002, MSe=.2339. There was
also a marginally significant interaction of
asterisk position and coda composition,
F(4,44)=2.44, p =.0601, MSe=.0400.

For the naming latencies, as for the lexical
decision latencies and the combined latencies,
responses to items with C3 as an obstruent were
shorter (635 ms) than to those with a nasal (641
ms), which in turn were shorter than to those with
a liquid (700 ms). The main effect of coda
composition was significant, F(2,22)=12.06, p
=.0004, MSe=.2355, and there were no other
significant effects in the analysis of naming
latencies. There were no significant effects at all
in the error analysis of the naming data.

Discussion

Our analysis of the words designed to test the
cohesiveness of the onset-rime boundary and the
possible effect of the sonority hierarchy on that
boundary produced some surprising results. There
were no effects of syllable-internal structure or
sonority in the naming data. The lexical decision
data also failed to demonstrate any such effects,
but showed an apparent effect of word frequency,
in both the latency and error analyses.

The analysis of the nucleus-coda test items
proved somewhat more promising with respect to
syllable structure and sonority (see also Treiman,
1984, 1986). In the overall error analysis, there
were significantly more errors when the asterisk
intervened at Position 5 (between the two
consonants of the coda) than at Position 4
(immediately after the vowel) or at Position 6 (at
the end of the word). These results suggest that
interruption at the nucleus-coda boundary (after
the vowel) is less disruptive than within the coda
itself. In both the separate lexical decision and
naming latency analyses there were significant
main effects of coda composition, with responses
to obstruent items faster than to those with a
nasal, which in turn were faster than those with a
liquid. Indeed, this was the only significant effect
found in the separate analysis of the naming data.
On the other hand, in the error analysis of the
lexical decision data, there was a significant effect
of asterisk position, showing that the disruptive
effect of the asterisk appearing within the coda is
a postlexical effect. Finally, there was also a
marginally significant interaction for the lexical
decision error analysis of the coda composition
with asterisk position. This interaction provided
partial support for the notion that the class of the
postvocalic consonant affects the cohesiveness of
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the nucleus and the coda. Postvocalic obstruents
are lowest on the sonority hierarchy. Thus, they
are expected to show the least cohesiveness with
the preceding vowel and the most cohesiveness
with the final consonant, followed by nasals and
then liquids. As Figure 2 illustrates, errors were
greatest for test items with an obstruent when the
asterisk interrupted the rime at Position 5. Nasal
test items showed a similar disruption in that
position. On the other hand, liquid test items
should have shown more errors with an asterisk
in Position 4, rather than an increase at Position
5, because of the greater cohesiveness of liquids to
the preceding vowel. However, that was not the
case.

Because of the constraints we followed in
constructing the stimuli for this experiment, it
was not possible to have all test items begin with
the same sound, which would have been ideal
since we used a voice key to record subjects’
responses. We wondered whether the various
phonetic identities of the first consonants of our
test items had had an effect on the naming speeds.
We also wondered whether our use of the voice
key to record subjects’ responses in the lexical
decision task had introduced greater variability in
the response times than would have been the case
with a reaction time key (see, e.g., Pechmann,
Reetz, & Zerbst, 1989). If so, it might explain why
our evidence for syllable-internal structure and for
some influence of the sonority hierarchy on the
nucleus-coda boundary only emerged in the error
analysis. We decided to repeat the experiment
using a manual reaction time key and substituting
a silent reading task for our naming task.

EXPERIMENT 2

In this experiment, we compared the responses
of one group of subjects in a lexical decision task
to those of another group of subjects whose task
was to read the word and nonword stimuli silently
and to press a key as soon as they were done with
each item. McNamara and Healy (1988) have
demonstrated semantic and rhyme facilitation
with a self-paced reading task of this type, which,
however, like naming, is assumed to involve less
postlexical processing than lexical decision.

Method

Stimuli. The same stimuli used in Experiment 1
were used in Experiment 2.

Procedure. The procedure was essentially the
same as in Experiment 1, except that a reaction
time key was used instead of a voice key. Subjects
in the reading condition were to read the word or

nonword silently and to press a button with the
index finger of their right hand as soon as they
had finished reading each item. Subjects in the
lexical decision condition were to decide whether
or not each letter string was an English word.
They were told to rest the index finger of their
right hand on the “yes” button and the index
finger of their left hand on the “no” button, and to
press “yes” as quickly as possible if the string was
a word, and “no” as quickly as possible if the
string was not a word. They were told that both
speed and accuracy would be scored by the
computer.

Subjects. Thirty-six male and female
undergraduate students from the University of
Colorado at Boulder participated in this
experiment. They received course credit for their
participation. They were assigned to conditions by
order of arrival, according to a fixed rotation.

Results

As in Experiment 1, the onset-rime and nucleus-
coda test words were analyzed separately. Two
sets of analyses were performed, one on error
rates (for the lexical decision data only) and
another on the latencies for correct responses. All
response latencies were reciprocally transformed
to speeds for the analyses, but the resulting mean
speeds were converted back to latencies for
reporting in the text and in the figures, as for
Experiment 1. Also as for Experiment 1, items
were not treated as a random effect because the
stimuli were not randomly selected (Wike &
Church, 1976).

Onset-rime words. As in Experiment 1 and as
anticipated given that the lexical decision task
presumably requires additional postlexical
processes not included in the reading task, the
mean latency for reading (758 ms) was
considerably shorter than that for lexical decision
(920 ms). In the overall latency analysis of the
onset-rime test items there was a significant main
effect of lexical decision vs. reading, F(1,34)=4.56,
p =.0378, MSe=5.8280. Also in accord with
predictions, based on the assumption that the
asterisk should be least disruptive when it
precedes the word, the response latency for
stimuli with immediately preceding asterisks
(Position 1) was shorter than for stimuli with
asterisks in Positions 2 and 3 (1.234 vs. 1.188 and
1.189, respectively). There was a significant main
effect for asterisk position, F(2,68)=4.44, p =.0152,
MSe= .0999.

Also as in Experiment 1, despite the small
differences in frequency among the words
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comprising the different onset composition groups,
the average latency for each onset composition
varied largely as a function of the frequency of the
words in the four groups, with more frequent
words producing shorter latencies. Thus, latency
of response (805 ms) was shortest to nasal test
items (mean frequency 9.8), followed by the
latency of response (817 ms) to single-phoneme
test items (mean frequency 7.8), followed by a
minor reversal, with response latency (855 ms) to
liquid test items (mean frequency 7.3) slightly
slower than average latency (850 ms) to obstruent
test items (mean frequency 6.8). There was a main
effect of onset composition, F(3,102)=8.43, p
=.0001, MSe=.1338, as well as a significant
interaction of onset composition with lexical
decision vs. reading, F(3,102)=5.21, p =.0026,
MSe=.0826.

Separate planned analyses of the reading and
lexical decision onset-rime word data were
conducted to explore the source of the interaction.
In Experiment 1 the correlation of word frequency
and onset composition class was evident for the
lexical decision task but not for the naming task.
Similarly, the correlation of word frequency and
onset composition class in the present experiment
occurred in the lexical decision task but not in
the reading task. There was an effect of onset
composition on reading, but this effect was clearly
due to the difference between those words
in which Co was a liquid (777 ms) and all the
others (obstruent = 751 ms, one phoneme = 751
ms, and nasal = 752 ms). In the separate reading
analysis, there was a significant effect of onset
composition, F(3,51)=3.40, p =.0241, MSe=.0254.
There were no other significant effects in the
reading analysis.

The latency data from the lexical decision task
alone mirror the combined data from both tasks.
As in the overall data, latencies in the lexical deci-
sion task to words where the asterisk appeared at
the beginning were faster (884 ms) than those to
words where the asterisk appeared after the ini-
tial consonant (940 ms) or just before the vowel
(937 ms), as expected because the asterisk should
be more disruptive when it occurs in the middle of
a word than when it precedes the word. The effect
of asterisk position was marginally significant in
the lexical decision latency analysis, F(2,34)=3.16,
p =.0538, MSe=.1022.

As can be seen in Figure 3, both the pattern of
errors (which were analyzed for the lexical
decision task only, because no errors were possible
in the reading task) and the pattern of response
latencies for the lexical decision task varied as a

function of the frequency of the four groups of
words, with error proportions (with the exception
of one small reversal) lower for more frequent
items, and with latencies shorter for the more
frequent items, as in Experiment 1. The mean
latencies, given in terms of nasal, single-phoneme,
liquid, and obstruent test items (that is, in order
from most to least frequent), were 866 ms, 895 ms,
949 ms, and 977 ms, whereas the error
proportions (in the same order) were .046, .120,
.111, and .185. There was a significant effect of
onset composition for both the latencies,
F(3,51)=7.87, p =.0004, MSe=.1910, and the error
proportions, F(3,51)=5.31, p =.0032, MSe=.1740.

Nucleus-coda words. As found in Experiment 1
and for the onset-rime words in the present
experiment and as expected under the assumption
that the lexical decision task requires more
postlexical processing than does the reading task,
the mean overall latency for reading nucleus coda
words (765) was considerably shorter than that for
lexical decisions on those words (939). For the
combined analysis of the nucleus-coda test word
latencies, there was a significant main effect of
lexical decision vs. reading, F(1,34)=5.14, p=.0281,
MSe=4.751.

Just as we predicted and found that asterisks
were less disruptive when they preceded a word
than when they occurred in the middle of a word
for the onset-rime stimuli, the asterisks should be
less disruptive when they follow a word than
when they occur in the middle of a word for the
nucleus-coda stimuli. Indeed, the latency for
words with item-final, Position 6 asterisks (825)
were shorter than those for Position 4 asterisks
(842), which were in turn shorter than those for
Position 5 (862). There was a significant main
effect of asterisk position in the combined analysis
of the nucleus-coda test word latencies,
F(2,68)=5.30, p =.0074, MSe=.0730.

Most crucial is the predicted interaction of coda
composition and asterisk position. The predicted
pattern was found for the lexical decision laten-
cies, but not for the errors in the lexical decision
task nor for the latencies in the reading task. As
anticipated, the obstruents and nasals showed
longer lexical decision latencies at Position 5,
whereas the liquids showed the longest lexical de-
cision latencies at Position 4. (See Figure 4). In &
separate planned analysis of the lexical decision
latencies, there was, in addition to a significant
main effect of asterisk position, F(2,34)=5.7, p
=.0075, MSe=.0990, a marginally significant
interaction of coda composition and asterisk
position, F(4,68)=2.44, p =.0543, MSe=.0335.
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Figure 3. The results of the onset-rime test words in Experiment 2 as a function of the phonetic class of C2 and of
asterisk position. The asterisk appears before the word at Position 1, after the first letter at Position 2, and between the
first and second letter at Position 3. Panels (a) and (b) are for the lexical decision task; panel (c) is for the rexding task.
The latency analysis is shown in panels (a) and (c); the error analysis is shown in panel (b).
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Figure 4. The results of the nucleus-coda test words in Experiment 2 as a function of the phonetic class of C3 and of
asterisk position. The asterisk appears after the vowel at Position 4, between the last two letters at Position 5, and after
the word at Position 6. Panels (a) and (b) are for the lexical decision task; panel (c) is for the reading task. The latency

analysis is shown in panels (a) and (c); the error analysis is shown in panel (b).
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It should be noted that although this crucial
interaction was only marginally significant by this
test, the statistic used was very conservative
because it was not directional. If a directional test
were employed (which seems appropriate in this
case because a specific pattern of results was
anticipated and obtained), then the results would
be clearly significant. In any event, there were no
significant effects in the separate analysis of mean
proportion errors for lexical decision nor in the
separate analysis of the latencies for the reading
data.
Discussion

As in Experiment 1, we found highly consistent
significant differences between our two tasks in
both the latency and error analyses. These
significant effects are, of course, consistent with
the notion that the lexical decision task requires
additional processing.

When we consider the onset-rime data, the most
interesting effect that emerged is the effect of
onset composition, such that speeds and error
rates varied largely as a function of the frequency
of the stimuli in each of the onset-composition
groups. As in Experiment 1, both the separate
latency and error analyses of the lexical decision
data showed that responses to the different onset-
composition groups varied as a function of their
frequency. On the other hand, the main effect of
onset composition in the separate latency analysis
of the reading data was due to slower response
times to stimuli with liquids as the second
consonant. There was also an effect of asterisk
position in the lexical decision latency analysis,
but it provided no support for the internal
structure of the syllable, because there was no
difference in the latencies to words with asterisks
appearing within the onset as compared to those
with asterisks between the onset and the vowel.
But, the response latencies in both of those
positions was marginally significantly slower than
when the asterisk appeared at the very beginning
of the word.

As in Experiment 1, it was only the analysis of
the nucleus-coda data that provided some support
for the notion of syllable-internal structure and for
the influence of the sonority hierarchy on that
structure. Thus, asterisks placed between the nu-
cleus and the coda were less disruptive than those
placed within the coda, for the lexi:ai decision
analysis. More importantly, in the separate
latency analysis of the lexical decision data, there
was an interaction (which was marginally

significant by a conservative non-directional test)
between asterisk position and coda composition,
so that test items with postvocalic liquid
consonants produced the slowest latency of
response when the asterisk appeared immediately
after the vowel in Position 4, whereas test items
with postvocalic nasals and stops produced the
slowest speeds of response when the asterisk
appeared just before the final consonant in
Position 5. This pattern is consistent with an
effect of the sonority hierarchy on the nucleus-
coda boundary, because liquids are higher on the
sonority hierarchy and therefore more cohesive
with the preceding vowel (hence the slower
latency for asterisks in Position 4), whereas
obstruents and nasals are lower on the sonority
hierarchy and therefore more cohesive with the
following consonant (hence the slower speeds for
asterisks in Position 5).

GENERAL DISCUSSION

We found evidence, but only in our lexical
decision tasks, in support of the division of the
rime into a nucleus and a coda as well as evidence
that suggests that the sonority of the postvocalic
consonant affects the strength of that break. It
appears from our data that these syllable-
structure effects are postlexical (occurring in the
lexical decision rather than in the naming or
reading tasks).

On the other hand, despite the wealth of
psycholinguistic evidence supporting the syllable-
internal structures of onset and rime, we were
unable to find evideace to support this division in
our two experiments. Instead, we found evidence
of a word frequency effect, even though we
controlled for word frequency,” such that the
differences among the word frequencies in the four
onset groups were not significant. This
unanticipated word-frequency finding has
potential methodological import. Given multiple
experimental constraints, researchers have
probably been unable in many cases to find exact
frequency matches for their stimuli. They have
probably generally assumed that small frequency
differences of the type that separated our groups
of onset-rime words would be unlikely to produce
any effect. Furthermore, the finding also has
theoretical import, since these small frequency
differences turn out, at least in this case, to
matter significantly. Indeed, our word frequency
effect was strong enough, occurring in both
experiments and for both accuracy and latencies,
to override any effect of the onset-rime break.
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We would suggest that previous studies that
supported the notion of a break between the onset
and rime, even with nonword stimuli, were able to
find such evidence because the tasks that they
employed relied largely on a form of phonological
coding used to maintain information in short-term
memory, a form of phonological coding which may
not be required by simple naming and reading
tasks.

Besner and Davelaar (1982) present evidence
that the phonological code used to achieve lexical
access from print is not the same phonological
code used to maintain information in short-term
memory. In particular, they found that subjects
better recalled nonwords with an entry in the
phonological lexicon (e.g., BRANE) than nonwords
without such an entry (e.g., SLINT) even under
conditions of articulatory suppression, whereas ef-
fects of phonological similarity and word length
were eliminated by articulatory suppression.
Because of the opposing effects of articulatory
suppression, they argue that there are two phono-
logical codes. The first phonological code permits
lexical access, whereas the second code, more
strongly affected by articulatory suppression, is
used to maintain information in short-term mem-
ory. If we assume that the first phonological code
not only permits lexical access but also subserves
naming and that effects of syllable structure and
sonority emerge through use of the second, short-
term-memory phonological code, then we can rec-
oncile our results with those of previous studies.

The majority of the psycholinguistic studies
finding evidence in support of the hierarchical
structure of the syllable involve tasks that require
the maintenance of information in short-term
memory. The novel word games task used
frequently by Treiman (e.g., 1983, 1984, 1986) and
the substitution-by-analogy task (where subjects
switch specified parts of two jointly presented
monosyllabic strings) used by Derwing et al.
(1987), Dow (1987), Fowler (1987) and others
involve such a demand. Thus, it is reasonable to
assume that they required use of the phonological
code that maintains information in short-term
memory and from which effects of syllable
structure and sonority emerge. Indeed, Treiman
and Danis (1988) demonstrated syllable structure
effects using a short-term memory task.

Perhaps lexical decision, unlike naming and
reading, makes a greater demand on short-term
memory. For example, subjects in a lexical
decision task may store accessed items in short-
term memory for decision processing. QOur
consistently significant differences between lexical

decision, on the one hand, and naming and
reading on the other, support, as do many other
studies, the notion of additional post-lexical
processing in lexical decision tasks. We suggest
that this processing may entail maintenance of
the accessed item in short-term memory. If
evidence for the syllable’s internal organization
and for the influence of the sonority hierarchy on
that organization emerges only in tasks that
require the maintenance of information in short-
term memory, and if lexical decision requires such
maintenance, then it is not surprising that our
results supporting syllable-internal structure
emerged only in the lexical decision task.

However, we found support only for the break-
down of the rime into a peak and a coda, whereas
Treiman and Chafetz (1987) found, also using a
lexical decision task, that subjects responded more
rapidly to visually presented words and nonwords
when slashes appeared between the onset and the
rime than when they appeared between the peak
and the coda. There are at least two possible
sources for this discrepancy. In the first place,
they compared visual interruptions after the onset
and after the peak within the same set of words
and nonwords, whereas we used different words to
test the strength of the onset-rime boundary and
the nucleus-coda boundary. We thus could not
compare directly the strength of these two bound-
aries. Secondly, we found an unanticipated, signif-
icant effect of onset type, apparently related to the
frequency of the stimulus items, that may have ef-
fectively masked differences between interrup-
tions that occurred within the onset and those
that occurred between the onset and the rime and
that may have also conceivably masked an inter-
action of the sonority hierarchy with syllable
structure. In any event, given the patiern of our
other results, we would predict an onset-rime
boundary effect to emerge only postlexically, in a
lexical decision task or other task requiring
maintenance of information in short-term
memory.

Fowler (1987) and Browman and Goldstein
(1988) have argued that the syllable's internal
structure may arise as a result of articulatory
constraints on the timing of initial versus final
consonants with respect to vowels in the same
syllable. Because the phonological code required to
maintain information in short-term memory is
more strongly affected by articulatory suppression
than the phonological code permitting lexical
access (according to Besner and Davelaar, 1982),
it would seem reasonable to suggest that it too has
an articulatory basis (see, e.g., Hintzman, 1967).
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In any event, the results of our experiments taken
in conjunction with prior psycholinguistic research
on the internal structure of the syllable and the
sonority hierarchy would suggest the following:
Support for the hierarchical structure of the
syllable and for the influence of the sonority
hierarchy on such structure is most likely to
emerge in tasks that implicate phonological coding
in short-term memory.

REFERENCES

Besner, D., & Davelaar, E. (1982). Basic processes in reading: Two
ical codes. Canadian Journal of Psychology, 36, 701-711.

Browman, C., & Goldstein, L. (1988). Some notes on syllable
structure in articulatory phonology. Phonetica, 45, 140-155.

Cooper, A. M., Whalen, D. H,, & Fowler, C. A. (1986). P-centers
are unaffected by phonetic categorization. Perception &
Psychopnysics. 39, 187-196.

Cooper, A. M., Whalen, D. H., & Fowler, C. A. (1988). The
syllable’s rhyme affects its P-center as a unit. Journal of
Phonmetics, 16, 231-241.

Davis, 5. (1987). On the arguments for syllable-internal structure.
Research on Speech Perception, Progress Report No. 13,
Indiana University.

Derwing, B., Nearey, T. M., & Dow, M. L. (1987). On the structure
of the vowel nucleus: Experimental evidence. Paper presented
at the LSA Conference, San Francisco.

Dow, M. L. (1987). The psychological reality of sub-syllabic units.
Doctoral dissertation, University of Alberta.

Fowler, C. A. (1987). Consonant-vowel cohesiveness in speech
production as revealed by initial and final consonant
exchanges. Speech Communication, 6, 231-244.

Hooper, ]. B. (1976). An intraduction to natural generative phonology.
New York: Academic Press.

Hintzman, D. L. (1967). Articulatory coding in short-term
memory. Journal of Verbal Learning and Verbal Behavior, 6, 312-
367

Kutera, H., & Francis, W. N. (1967). Computational analysis of
present-day American English. Providence: Brown University
Press.

Mayzner, M. 5., & Tresselt, M. E. (1965). Tables of single-letter and
digram frequency counts for various word-length and letter-
position combinations. Psychonomic Monograph Supplements, 1,
13-32

Mayzner, M. S., Tresselt, M. E., & Wolin, B. R. (1965). Tables of
trigram frequency counts for various word-length and ’atter-
position combinations. Psychonomic Monograph Supplements, 1,
33-78.

MacKay, D. (1972). The structure of words and syllables: Evidence
from errors in speech. Cognitive Psychology, 3, 210-227.

McCusker, L., Hillinger, M., & Bias, R. (1981}. Phonological
recoding and reading. Psychological Bulletin, 89, 217-245.

McNamara, T, & Healy, A. (1988). Semantic, phonological, and
mediated priming in reading and lexical decision. Journal of
Experimental Psychology: Learning, Memory and Cognition, 14,
398-409.

Pechmann, T., Reetz, H., & Zerbst, D. (1989) Kritik enier
Messmethode: Zur Ungenauigkeit von voice-key Messungen.
Sprache & Kongition, 8, 65-71.

Seidenberg, M. S., (1985). The time course of phonological code
activation in two writing systems. Cognition, 19, 1-30.

Seidenberg, M. S., Waters, G. S., Sanders, M., & Langer, P. (1984).
Pre- and postlexical loci of contextual effects on word
recognition. Memory & Cognition, 12,315-323.

Selkirk, E. O. (1982). The syllable. In H. Van der Hulst & N. Smith
(Eds.), The structure of phonological representations (Part II).
Dordecht, Holland: Foris.

Stemberger, . P. (1983). Speech ervors and theoretical phonology: A
review. Bioomington: Indiana University Linguistics Club.

Treiman, R. (1983). The structure of spoken syllables: Evidence
from novel word games. Cognition, 15, 49-74.

Treiman, R. (1984). On the status of final consonant clusters in
English syllables. Journal of Verbal Learning and Verbal Belavior,
23,343-356.

Treiman, R. (1986). The division between onsets and rimes in
English syllables. Journal of Memory and Language, 25, 476-491.
Treiman, R. & Chafetz, J. (1987). Are there onset- and rime- like
units in printed words? In M. Coltheart (Ed.), Attention and

performance XXI1. London: Eribaum.

Treiman, R., & Danis, C. (1988). Short-term memory errors for
spoken syllables are affected by the linguistic structure of the
syllables. Journal of Experimental Psychology: Learning, Memory
and Cognition, 14, 145-152.

Van Orden, G. (in press). Phonological mediation is fundamental
to reading. In D. Besner & G. Humphreys, (Eds.), Basic pro-
in reading: Visual word recognition. Hillsdale, NJ: Eribaum.

Wike, E. L., & Church, J. D. (1976). Comments on Clark’s “The
Language-as-fixed-effect fallacy.” Journal of Verbal Learning and
Vertal Belavior, 15, 249-255.

FOOTNOTES
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363 (1991).

TAlso French Department, Wellesley College.
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PA.

1See Selkirk (1982) for theoretical arguments that the syllable is
hierarchically organized, but see Davis (1987) for arguments
that the syllable is divided, nonhierarchically, into onset, peak
and coda.

2Four of the six nasal items and one of the six obstruent items
had a C1CoVC3 structure, although all were five letters long.

3Three of the items in this group began with the letters “ch,”
characterized by some phonologists as a single phoneme /2/
and by others as a sequence of two phonemes /tf/.

‘we inadvertently included two items that appeared both as
onset-rime and as nucleus-coda test items, stern and brand.
The associated nonwords were different in each case.

5We do not report the results of our analysis of the nonword
data because the significant effects provided no support for
syllable-internal structure or sonority and were inconsistent
across the two experiments. A comparison of the speed
analysis and the error analysis also indicated a number of
probable speed-accuracy tradeoffs, although these were not
evident in the word data.

is transformation produced more normally distributed
values and eliminated disproportionate influences by outliers.
7Although there were differences in frequency in the onset-
rime groups, these differences were not significant,
F(3,32)=.162, p =.9208, MSe=69.8620. Nonctheless, we believe
that the onset effect is best explained in terms of word
frequency. We examined single-letter and di- and trigram
frequencies (Mayzner & Tresselt, 1965; Mayzner, Tresselt, &
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Wolin, 1965) and found no correlation with the pattern of our
results for onset-rime (or coda) test words. Furthermore, both
the word and the nonword stimuli had the same initial
consonant clusters, but the onset effect only occurred in the
word data. Finally, as suggested by an anonymous reviewer,

we compared the mean latencies of the subjects in our two
experiments to s+n onset-rime words (which are relatively
infrequent) and s+m onset-time words (which are relatively
frequent) and found a significant frequency effect there as
well, 1(29)=3.188, p =.0034, two tailed.
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APPENDIX

Test Items Used in Experiments 1 and 2

Onset-Rime
Word Nonword Word Nonword Word Nonword
c¢1¢2=1 phoneme c2=liquid =nasal

chest chorn craft flaft smart snart
thorn thest flint crint smash snash
chill chigh drank glank sniff smiff
thigh thill glint drint snarl smarl
shark sheft clasp blasp smell snell
theft thark blend clend snuff smuff
shunt shump prank trank c2=obstruent
chump chunt tramp pramp stern spern
shawl chawl plump brump spasm stasm
champ shamp brand pland skunk scunk
thumb shumb clink grink scowl skowl
shirt thirt grind clind stark scark

skimp stimp

Nucleus-Coda
c3=obstruent cg=liquid =nasal

blast crasp dwarf smarf blunt swunt
crisp blisp smirk dwirk swamp blamp
brisk crisk scald scort blank slank
crust brust snort snaid slump blump
cleft greft scalp scern print clint
grist clist stern stalp clump prump
draft twaft spark skark stint blint
twist drist skirt spirt blond stond
tract traft sport sporm blink blant
graft gract storm stort scant scink
grasp frasp spurt spirl trunk trand
frost grost swirl swurt brand brunk
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Effects of Phonological and Phonetic Factors on Cross-
Language Perception of Approximants*
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Past research suggests that the degree of difficulty adults have with discriminating
nonnative segmental contrasts varies considerably across contrasts and languages.
According to a recent proposal, this variation may be explained by differences in how the
nonnative phones are perceptually assimilated into native phoneme categories (Best,
McRoberts & Sithole, 1988). The present study examined that proposal by testing
identification and discrimination of three synthetic series of American English
approximant contrasts, presented to American English-speaking subjects and native
Japanese-speaking learners of English. The English approximants differ with respect to
their phonemic status in Japanese, as well as in the phonetic details of the most similar
Japanese phonemes. The perceptual assimilation hypotheses were strongly upheld in
cross-language comparisons. Moreover, on the assumption that perceptual assimilation
may be modified by learning the second lsnguage (L2), we also evaluated differences
between subgroups of the Japanese subjects who had two different levels of English
conversation experience. Those with intensive English conversation experience showed
identification and discrimination patterns that were more similar (but not identical) to the

Americans’ performance than did those who had had little English experience.

1. INTRODUCTION

Language-specific experience influences the
perception of phoneme contrasts. Adults are often
hampered in their identification and/or discrimi-
nation of phones that are not employed con-
trastively in the phonological system of their
language. For example, monolingual Japanese
and Korean speakers have difficulty distin-
guishing the American English liquids /r/ and /V,

This work was supported by NIH grants NS-06877 and DC-
00403 to the first author and grant HD-01994 to Haskins
Laboratories, as well as DC-00323 to Winifred Strange, which
supported her during the preparation of this manuscript, and
NIMH grant MH-21153 to James Jenkins, which supported
the second author while she was a visiting scholar at Haskins
Laboratories. We gratefully acknowledge Leon Seraphim for
his help in establishing contact with our Japanese subjects;
Arlene Antilla, Susan Koski, and Marshall Gladstone for their
help with data collection; and James Jenkins for help with
final data analyses. We also thank Hajime Hirose and Arthur
Abramson for helpful discussions about the phonetic properties
of Japanese approximants, as well as James Flege, Virginia
Mann, and an anonymous reviewer for comments on an earlier
draft of this manuscript.

89

which do not occur contrastively in their native
languages (Gillette, 1980; Goto, 1971; Miyawaki,
Strange, Verbrugge, Liberman, Jenkins, &
Fujimura, 1975; Sheldon & Strange, 1982).
Analogously, English speakers have difficulty
with some nonnative contrasts such as the Czech
retroflex vs. palatal fricatives (Trehub, 1976), Thai
voiced vs. voiceless unaspirated stops (Lisker &
Abramson, 1970), Hindi dental vs. retroflex stops,
and Salish velar vs. uvular ejectives (Polka, 1991;
Tees & Werker, 1984; Werker & Tees, 1984). This
perceptual difficulty, however, appears to be
neither universal nor immutable. Some nonnative
contrasts are relatively easy to discriminate even
without prior exposure or training (e.g., Best,
1992; Best, McRoberts, & Sithole, 1988).
Perceptual difficulties with particular contrasts
also vary depending on syllable position and
phonetic context (e.g., Mochizuki, 1981). Other
contrasts are distinguishable when listening
conditions minimize memory demands or
phonemic categorization (Carney, Widin, &
Viemeister, 1977; Werker & Logan, 1985).
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Discrimination of nonnative contrasts that are
initially difficult for adults can sometimes be
improved rapidly through laboratory training
(e.g., Pisoni, Aslin, Perey, & Hennessy, 1982),
while others are resistant to change (Strange &
Dittmann, 1984). Perception of non-native
contrasts improves in the course of learning to
speak a second language (L2), even in adulthood
(e.g., MacKain, Best, & Strange, 1981), although
improvement is often more marked if exposure to
12 occurs before puberty (Tees & Werker, 1984,
Yamada & Tokhura, 1991; see Flege, 1988).
Furthermore, some individuals appear to be more
sensitive than others to nonnative distinctions
even without experience or training (e.g., subject
M. K in MacKain et al., 1981; see also Polka,
1991; Pruitt, Strange, Polka, & Aguilar, 1990).

The fact that native language experience con-
strains perception of nonnative contrasts, but that
further experience with nonnative sounds may
nonetheless alter those perceptual constraints
even in adults, raises questions about the nature
of the native-language influence. Specifically,
what properties do listeners perceive in nonnative
sounds, and how might those properties relate to
the perceived properties of native phonemes?

Recently, it has been proposed that mature
listeners perceptually assimilate most nonnative
phones to native categories (Best, 1992; Best et
al., 1988; cf. Flege, 1990). That is, the nonnative
phones are perceived in terms of their similarities
(and dissimilarities) to native phonemes.
According to this model, mature language users
assimilate nonnative speech sounds to native
categories on the basis of their perceived gestural
(articulatory-phonetic) similarities to native
phones (Best, 1992). The gestural similarities and
dissimilarities referred to are based on the model
of gestural phonology proposed by Browman and
Goldstein (e.g., 1986, 1989; Goldstein & Browman,
1986), i.e., they refer to temporal and spatial
properties (i.e., degree and location of
constrictions) of the dynamic movements of vocal
tract articulators such as lips, jaw, tongue body,
glottis, etc.

Four perceptual assimilation patterns are possi-
ble: 1) The two members of the nonnative contrast
may be assimilated into two categories in the
native phonology; 2) Both nonnative phones may
be assimilated equally well (or poorly) into a sin-
gle category; 3) Both may be assimilated into a
single category, but unequally, thus showing a
category goodness difference in their fit to the
native phoneme; or 4) The nonnative phones may
differ so much from the phonetic properties of na-

tive phonemes that they are non-assimilable.
Note that the assimilation pattern depends on the
listener’s perception of similarities; listeners may
differ from one another, even within the same na-
tive language, with respect to which phonetic
properties of a nonnative phone they may detect
or attend to in perception. (Although it might be
argued that nonnative phones are assimilated on
the basis of acoustic-phonetic similarities rather
than, or in addition to, gestural similarities, the
distinction is difficult to make because articula-
tory- and acoustic-phonetic properties are con-
founded in the signal.)

Best and colleagues (1988, 1992) predicted that
phones that are assimilated equally to a single
category should prove most difficult to discrim-
inate. Discrimination of phones assimilated to two
different native categories should be quite good,
while contrasts that are non-assimilable, or those
that show a category goodness difference in as-
similation, should result in intermediate and
variable levels of discrimination difficulty. The
level of discrimination for nonnative phones that
differ in category goodness should depend on the
degree of perceived phonetic similarity between
the native phoneme category and each of the non-
native phone categories. Non-assimilable con-
trasts are perceived as nonspeech sounds rather
than as phonological segments; for them, discrim-
ination difficulty should be a function of acoustic
similarity.

Thus, the issue of native-language (L1)
influence on perception of nonnative speech
contrasts focuses on the relation between phonetic
details and phonemic categories. In turn, any
readjustment in perception as a result of further
experience with nonnative phones would seem: to
involve an adjustment in the perceived phonetic
details of the second language (L2) phoneme
categories (cf., Flege, 1990; Flege & Bohn, 1989).
That is, nonnative phones may be assimilated to
native phonemes to the strongest degree by
listeners who have had little or no L2 experience.
However, increased L2 experience may foster
improved recognition of the discrepancies between
the L1 and L2 phones. This could lead to a decline
in degree of assimilation of L2 phones to L1
categories, and perhaps ultimately to the
emergence of a separate L2 phoneme category due
to improved recognition of phonetic properties
within the L2 phonological system. We pursued
these issues in the present study by examining the
perception of three English approximant contrasts
by American English listeners and by Japanese
listeners at two levels of English experience.
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Contrasts between approximant consonants (/w-
j/, Iw-r/, and /r-V) in syllable-initial position offer a
rich context for studying the perceptual influence
of both phonetic and phonological differences
between American English and Japanese. The
contrasts differ across these languages in their
phonological status; /r-I/ is a phonemic contrast in
English but not in Japanese. The remaining two
contrasts can be said to represent abstract
phonological oppositions in both languages.
However, /w-j/ and /w-r/ differ in terms of the
similarities between American and Japanese
phonetic realizations of the phonemic categories.

Realizations of /j/ are quite similar in the two
languages, differing only slightly in phonetic and
phonotactic details. Both are glide consonants
with a palatal place of articulation and spread or
neutral lip posture. However, Japanese phonotac-
tic constraints disallow the occurrence of /j/ before
the high front vowels /i/ and /e/, whereas no such
restrictions occur in English. Also, the starting
tongue posture has been described as somewhat
lower and further back for Japanese /j/ (Vance,
1987) than for English 4/ preceding /a/ (the context
used in this study), which should, if true, result in
slightly higher F1 and lower F2 and F3 onset
frequencies for Japanese //.

The phonetic realization of /w/ differs more
obviously between languages. In English, /w/ is
realized with lip-rounding or protrusion ([w]),
similar to the back rounded English vowel /w/,
whereas in Japanese, /w/ is produced with spread
lips ([ay]), similar to the back unrounded Japanese
vowel [w] (Bloch, 1950; Vance, 1987). Because lip
rounding/protrusion lowers the frequency of all
formants (especially upper formants), F2 and F3
onset frequencies should be higher (hence more
similar to English /j/) in Japanese than English
(see Kasuya, Takeuchi, Sato, & Kido, 1982;
Lisker, 1957; O’Connor, Gerstman, Liberman,
Delattre, & Cooper, 1957).

The cross-language discrepancy in the phonetic
realization of /r/ is even greater, involving a
difference in both manner of articulation and
tongue posture. Whereas American English /r/ is a
retroflex or palato-alveolar central approximant
([41) or {1], respectively), Japanese /r/ is usually an
alveolar tap [r] rather than an approximant.
{Bloch, 1950; Price, 1981, Vance, 1987). In
addition, while English /I/ is an alveolar lateral
approximant, Japanese does not employ a distinct
/\/ phoneme. Japanese /r/ is, in fact, variably
pronounced, and is occasionally realized in some
positions by some speakers as an approximant (4]
or {1], as a retroflex stop [{), as an alveolar trill [r],

or even as a lateral alveolar tap [l1]. Thus, the
lateral alveolar is a rare allophone of /r/ in
Japanese and is apparently not even then an
approximant; rhotic approximants may occur but
are also quite rare (Bloch, 1950; Miyawaki, 1973;
Vance, 1987).

According to the perceptual assimilation model
(Best et al., 1988; 1992), Japanese listeners would
be expected to assimilate the English /w-j/
contrast as a two category contrast vis a vis their
native phonology. However, the phonetic bound-
ary between categories may be shifted toward /j/
(that is, Japanese may hear more /w/s), since the
Japanese /w/ is unrounded and is more similar to
English /j/ acoustically and articulatorily than is
the American English /w/. Nonetheless, catego-
rization and discrimination should be quite good.
English /w-r/ might be expected to be assimilated
to a single Japanese phoneme category, but as a
contrast involving a category goodness difference.
That is, since English /r/ is an approximant, not a
tap as in Japanese, it seems likely to be assimi-
lated as a “poor” exemplar of the Japanese approx-
imant /w/, whereas English /w/ would be assimi-
lated as a “better” exemplar of Japanese /w/. The
possibility that [1] would assimilate to Japanese
/w/ is supported by evidence from Mochizuki
(1981) and Yamada and Tokhura (1991). The al-
ternative possibility, though less likely, is that
English /r/ might be assimilated as a very poor ex-
emplar of the Japanese tapped /r /, which would
lead to two category assimilation for /w-r/. In ei-
ther case, Japanese discrimination of /w-r/ should
be good. Finally, English /r-V should result in sin-
gle category assimilation by Japanese, in which
both phones are equivalently poor exemplars ei-
ther of their approximant /w/ or (less likely) of
their tapped /r/. Japanese categorization and dis-
crimination are known to be rather poor for sylla-
ble-initial /r/ and /l/, particularly for those who
have had little conversational English experience
(Miyawaki et al., 1975; Mochizuki, 1981).

Best et al. (1988; 1992) discussed assimilation of
nonnative speech contrasts only in terms of their
relative levels of discriminability. In the present
study, the concept of perceptual assimilation was
extended to predict cross-language differences in
phonetic category boundaries along synthetic ap-
proximant series that interpolated on multiple,
phonetically-relevant acoustic parameters.
Specifically, in identification tests of /w-j/ and /w-r/
series, the Japanese listeners were expected to la-
bel more of the acoustically intermediate stimuli
as /w/ than American listeners. For /w-j/, which
are distinguished primarily by F2 and F3 onsets




92 Best and Sme

and transitions, stimuli with higher F2 and F3
values are more similar to Japanese (] than to
American [w]. Thus, the Japanese /w-j/ boundary
should be shifted toward /j/, relative to the
American boundary. However,. the steepness of
the category boundary should be equivalent in the
two language groups because the contrast reflects
a phonological opposition for both.

In the case of /w-r/, Japanese listeners might be
expected to label more intermediate stimuli as /w/
rather than as /r/, as compared to American lis-
teners, because the slow transitions of these ap-
proximants are more similar to the Japanese /w/
than to their tapped /v/ (see also Mochizuki, 1981).
Yet because neither the English /w/ nor /r/ are
ideal exemplars of Japanese phoneme categories,
and because /w-r/ was expected to be assimilated
as a category goodness difference within the
Japanese /w/ category, their identification function
was expected to be less steep in the region of the
category boundary than that of American
listeners.

No clear predictions can be made about the
location of the /r-l/ boundary for Japanese.
However, the predicted single category
assimilation pattern is consistent with previous
findings that the labeling function is less clearly-
defined for Japanese than for American listeners,
resulting in a shallower slope at the category
boundary (e.g., MacKain et al., 1981; Miyawaki et
al., 1975).

If increased L2 experience serves to shift adults’
perception of the phonetic details of nonnative
phonemes toward improved recognition of the dis-
crepancies between L2 phones and the L1 cate-
gories to which they were initially assimilated (cf.
Flege, 1989; 1990), additional predictions can be
made about relative performance on the three con-
trasts by Japanese subjects with more or less spo-
ken English experience. According to perceptual
assimilation predictions (Best et al., 1988; 1992),
Japanese listeners with little English experience
should discriminate the /w-j/ contrast best, as a
two category contrast, with a peak in
discrimination functions at their category bound-
ary (i.e., shifted toward the /j/ end of the series).
They should show lower discrimination levels and
a lower, broader boundary-related peak (also
shifted toward /r/) in discrimination of the English
/w-r/ contrast, which shows a category goodness
difference with respect to Japanese /w/. Their dis-
crimination should be poorer still on the English
/r-V contrast, a single category assimilation type.
Thus, discrimination performance by inexperi-
enced Japanese listeners should be equivalent to

that of American listeners on the /w-j/ contrast,
somewhat lower on the /w-r/ contrast, and perhaps
even lower on the /r-l/ contrast. In comparing
identification performance of Americans and the
two Japanese subgroups, we expected that cate-
gory boundary steepness for /w-j/ would be equiva-
lent across all three groups, but less steep for the
inexperienced Japanese than the other two groups
on the /w-r/ and /r-l/ series. Japanese with more
extensive English conversational training were
expected to discriminate and identify all three
contrasts in a pattern more similar to that of
American adults than their peers who had had
minimal English experience, i.e., the position and
steepness of their category boundaries should
have become shifted toward the values found in
Americans. However, according to earlier work
showing residual differences from Americans on
syllable-initial /r-VV (MacKain et al., 1981), even
the experienced Japanese listeners were expected
to differ somewhat from the Americans on the /w-
r/ and /r-l/ series in both boundary position and
steepness, as well as in discrimination levels.

2. EXPERIMENT 1
2.1 Method

The aim of this study was to compare
identification and discrimination of syr:thetic /r-V,
/w-r/, and /w-j/ series by American and Japanese
listeners. A previous report had examined
perception of an /r-l/ series by these two language
groups (MacKain et al., 1981). The stimuli and
methods for the /r-l/ tasks, as well as the results
for a larger group of Japanese subjects on that
contrast, were presented in the earlier
publication. For the present paper, we reanalyzed
a subset of those earlier-reported data for
comparison with responses of the same listeners
on the other two approximant series.

2.1.1 Subjects. Nine of the 10 original American
participants in the MacKain et al. study returned
within the subsequent two weeks for two
additional test sessions on the /w-r/ and /w-j/
contrasts. All were college undergraduates (4
males, 5 females) recruited through notices posted
at Yale University.

Nine of the 13 Japanese who participated in the
original study returned within two weeks for tests
on the other two approximant contrasts. Four
Japanese (2 males, 2 females) had had intensive
English conversational instruction with native
American English speakers (8-10 hours/week) and
had been in residence in the USA for 18 to 48
months at the time of testing (Ss 7-10 in MacKain,
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et al., 1981). These subjects are hereafter referred
to as the Experienced Japanese. Five others (4
male, 1 female) had had little or no English
conversational instruction (0-3 hours/week) and
had resided in the USA less than 7 months (Ss1-4
and S13 in MacKain, et al.,, 1981). These are
hereafter referred to as the Inexperienced
Japanese. Note that S13 was subject M. K, an
anomalous listener who showed remarkably good
/r-l/ perception even though he had been in the
U. S. only briefly and had had little conversational
experience with English. He was discussed
separately in MacKain et al., but was incorporated
into the Inexperienced group for the present study
because of the small number of subjects in each
subgroup.

All subjects were paid. All reported good hearing
in both ears and could read written English.

2.1.2 Stimulus Materials. The /r-V/ series was a
/rak/-/lak/ continuum, and is described in detail in
MacKain et al. (1981). Two additional series,
/wak/-/jak/ and /wak/-/rak/, were generated in
analogous manner on the OVE-IIlc cascade
formant synthesizer at Haskins Laboratories.
Synthesis parameters for series endpoints, /jak/,
/wak/, /rak/ (and /lak/), were derived from an
analysis of real speech tokens produced by an
adult male speaker of American English. These
endpoint synthetic stimuli were equated for

overall duration (330 ms including the silence and
burst of a natural /k/}, amplitude and intonation
contour (rising-falling), and spectral pattern of the
final 105 ms of the 210 ms vocalic portion of the
syllable. The initial 105 ms of the four stimuli
differed in frequency of onset and the subsequent
pattern of transitions of the first three oral
formants (F1, F2, F3, respectively). Table 1 gives
the onset frequencies of these formants for the
four endpoint stimuli, and Figure 1 provides a
schematic diagram of the formant patterns for the
endpoint stimuli of each continuum.

Table 1. Nominal stimulus parameters for endpoint
stimuli.

Formant Onset Frequencies (Hz)

Stimulj F1 F2 F3
/jak/ 275 2105 2809
=8 .
fwak/ 275 644 2295
] . .
frak/ 349 1067 1477
» .
Nak/ 349 1207 1594

8Asterisk indicates that the parameters are interpolated to
produce series between endpoints.
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Figure 1. Schematic diagram of the center frequencies of F1, F2, and F3 in the endpoint stimuli for the three stimulus

series.




94 Best and Strange

The 10-step /wak/-/jak/ series was generated by
interpolating on the F2 and F3 onset frequencies
in approximately equal steps of 162 Hz and 57 Hz,
respectively, from the /wak/ pattern (item 1) to the
fjak/ pattern (item 10). The initial steady-state
portion was 28 ms for F2. F3 was steady-state for
21 ms, followed by a linear transition of 49 mstoa
common frequency (2379 Hz). As can be seen in
Figure 1, this produced a “dip” in F3 for stimuli
toward the /jak/ end of the series, which is
characteristic of /j/ in natural utterances.

The 10-step /wak/-/rak/ series was generated by
interpolating between /wak/ (item 1) and /rak/
(item 10) on F1, F2, and F3 onset frequency (and
subsequent transitions) in approximately equal
steps of 8 Hz, 47 Hz, and 91 Hz, respectively. An
inflection point 28 ms after onset of F2 and F3,
and 21 ms after onset for F1, produced an initial
quasi-steady-state pattern (see Figure 1).

For comparison, the endpoints of the /rak/-lak/
series are included in Table 1 and in Figure 1. In
this series, onsets and transitions of F2 and F3
were varied, as well as the temporal pattern of the
F1 transition (See MacKain et al., 1981, for a
detailed description).

2.1.3 Procedure. The tests for the /rak/-lak/
series are described in MacKain et al. (1981). The
tests for the other two series were similar in
format, except that the oddity discrimination test
used in the previous study was not employed; only
the AXB discrimination task was used for the
present report. All subjects completed two
sessions consisting of two tests each, with a 15-
minute break between the first and second test of
the session. In one session subjects completed a 2-
choice forced choice identification test followed by
an AXB discrimination test of the /w-j/ series. The
other session included identification and AXB
discrimination tests of the /w-r/ series. Testing
was conducted in a sound-attenuated chamber
with 2-4 subjects at a time (all from a single
language group during . given test session).
Subjects listened over headphones (Telephonics
TDH-39) to stimuli presented via a Crown reel-to-
reel tape deck at a comfortable loudness level
(approximately 75 dB SPL).

Each identification test included 20 repetitions
of each of the 10 stimuli in the series being tested,
presented singly and randomized within each
block of 10 trials. Intertrial intervals (ITIs) were
2.5 s; interblock intervals (IBIs) were 4 s. For each
trial, subjects were asked to write one of two
letters to indicate the initial consonant of the

syllables they heard; that is they wrote “W” or “Y”
during the /w-j/ identification tests, and “W™ or “R”
during the /w-r/ identification tests.

The AXB discrimination procedure was chosen
because of its relatively low memory demands and
low sensitivity to observer bias, by comparison to
other standard discrimination procedures such as
oddity, 2IAX and 41AX (e.g., Best, Morrongiello, &
Robson, 1981; MacKain et al, 1981; cf. Pollack &
Pisoni, 1971). Each AXB discrimination test
contained 10 repetitions of each of the 2 AXB
orders for the 7 possible pairings of stimuli that
differed by 3 steps along the continuum being
tested (1-4, 2-5, 3-6, 4-7, 5-8, 6-9, and 7-10). Trials
occurred in blocks of 14 (2 orders x 7 AXB
pairings), and were randomized within blocks.
Within-trial interstimulus intervals (ISIs) were 1
8, ITIs were 3 s, and IBlIs were 6 s. For each trial,
the subject circled the number “1” or the number
“3" to indicate whether the second item of the trial
(X) matched the first (A) or the third (B) item of
that trial.

2.2 Results. The results of identification tests
are reported first, followed by the results of dis-
crimination tests. Differences between the
American group and the Japanese group as a
whole were statistically analyzed. Performance by
Experienced and Inexperienced Japanese sub-
groups were compared with the American group in
separate analyses. For all analyses, data on the
perception of /r-l/ by the 9 Americans and 9
Japanese, which were a subset of the data re-
ported previously in MacKain et al. (1981), were
included for comparison with results on the /w-r/
and /w-j/ series.

2.2.1 Identification tests. Figure 2 presents the
pooled identification functions for the American
and Japanese groups on the /w-j/, the /w-r/, and
the /r-l/ continua. These functions represent the
raw identification data, averaged over 9 subjects
in each group. As the figure shows, the American
listeners labeled /w-)y and /w-r/ categorically, with
abrupt crossovers at category boundaries and
highly consistent labeling of within-category
stimuli. Performance was commensurate with
their identification of the /r-V series. The Japanese
as a group also labeled /w-j/ and /w-r/ categori-
cally. This contrasts with their identification per-
formance on the /r-l/ series, which showed less
consistency in labeling within-category stimuli. As
previously reported, performance by the Japanese
was markedly different from that of the American
listeners on the /r-V/ series.




